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ABSTRACT 
Surface energy, the work required to generate the surface of a solid or liquid, is an 
important property influencing a wide range of interfacial processes. This property 
determines physical interactions between phases, e.g., the degree of hydrophilicity of a 
solid surface and the surface adhesion of biological entities including bacteria and cells. 
The determination of surface energy by means of liquid / solid contact angle goniometry 
is well established, although only averaged values on the macro scale can be obtained 
and there may be practical limitations of the method, e.g., materials where liquid 
penetration occurs. 
The main aim of the research work described in this thesis has been to develop a 
technique to determine surface energy using atomic force microscopy, where the 
measurement may be obtained at a resolution of the order of the probing tip radius (50-
90 nm). To produce suitable substrate materials of known surface chemistry, self-
assembled alkanethiol structures on gold have been prepared. Contact angle goniometry, 
atomic force microscopy, and infrared spectroscopy have been used to investigate the 
surface-preparation and solution-deposition conditions for the reproducible formation of 
the self-assembled molecular structures on gold-coated tips and substrates for atomic 
force microscopy. Procedures have been established for removing adsorbed material, 
including self-assembled monolayers, and for producing clean gold substrates. 
Preliminary data show that surface-saturated self-assembled monolayers form 
reproducibly on prolonged (> 16 h) exposure of gold-coated glass substrates to 
ethanolic solutions of lD-functionalised alkanethiols in the concentration range 80 - 160 
mmol dm-3. The data also show that exposure for 16 h to alkanethiol concentrations in 
the range 160 - 240 mmol dm-3 promote bilayer formation whereas concentrations of 
240 - 320 mmol dm-3 result in the deposition of multilayers, the average orientation of 
which is parallel to that of the first molecular layer; the use of parent I-undecanethiol 
solutions at concentrations of 1 - 80 mmol dm-3 results in incomplete monolayer 
coverage. 
The self-assembled alkanethiol structures deposited on gold from ethanolic solutions 
have been found to be susceptible to both chemical and structural changes: ethanol 
provides a medium for the formation of S-alkyl hydrogen thiocarbonates and related 
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compounds via reaction with dissolved atmospheric CCh. Deposition from ethanolic 
solutions results in multilayered structures, incorporating these thiocarbonates and 
thiocarbonate-derived compounds, which at room temperature are susceptible to time-
dependent structural rearrangement and molecular migration. 
To assess the applicability of the atomic force microscopy method for determining 
surface energy, forces of adhesion have been measured for interactions involving self-
assembled molecular structures or polymer-film structures that had each been deposited 
onto gold-coated glass substrates and onto the probing, gold-coated cantilever. The data 
have been fitted into mathematical models that allow the calculation of surface energy 
by considering the work done for the separation of the identically coated contacting 
surfaces. The obtained surface energy values are in close agreement with those from 
corresponding contact-angle determinations, highlighting the potential usefulness of the 
technique for the study of surfaces at a resolution level approaching 1000 atoms. 
Comparative studies have shown that the employment of the atomic force microscopy 
technique may be preferable for the study of materials that are susceptible to penetration 
by liquids or for the investigation of small samples « contact angle drop diameter). 
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CHAPTER ONE 
GENERAL INTRODUCTION 
1.1 Surface energy 
Surface energy (0', 1; units: mJ m-2) is an important parameter for investigating adhesion 
between solid surfaces and biological entities, such as bacteria or human cells (pereni et 
al., 2006). For materials with low surface energy, the attractive forces of bioadhesion 
tend to be small, and such materials are used for medical implants and catheters: the 
attachment of bio-entities may be manipulated by the surface energy of a material to 
promote biocompatibility (Morris et al., 1999; Pereni et aI., 2006). Such materials may 
be used to trap biocontaminants for subsequent investigation (Liu et al., 1998). Surface 
energy also plays a very important role in drug design for understanding and modelling 
many solid surfaces involved in the formulation of stable suspensions and emulsions, 
flotation of minerals, adhesion of drug particles, and various other drug preparations 
(Morris et al., 1999). 
The surface energy of a material is defined as the amount of work required to increase 
the surface area of a substance by 1 m2 (Hooton et al., 2006). The surface energy of a 
solid is also referred to as the surface tension of the solid substrate. Many processes in 
daily life, biology and industry depend on the surface energy of solids, e.g., 
understanding surface phenomena such as adsorption, oxidation, corrosion, catalysis 
and crystal growth (Adamson and Gast, 1997; Graupe et aI., 1999). Surface energy, 
modelled according to the Oweps-Wendt theory, consists of two components: an apolar 
(f) contribution and a polar (f) contribution (Adamson and Gast, 1997). Surface 
energy is usually evaluated using contact angle goniometry (CAG), using Equation 1.1 
(Israelachvili, 1992). 
D P Y=Y -Y (1.1) 
This property is a common measurement of the hydrophobicity / hydrophilicity of a 
solid (Adamson and Gast, 1997). The study of the effects of changes in molecular 
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structure and composition upon interfacial properties often involves the use of self-
assembled monolayers (SAMs) (Ulman, 1996). 
1.2 Self-assembled monolayers 
Molecular self-assembly is of key importance m many physical, chemical and 
biological processes (podczeck, 1998). Nature routinely uses self-assembly to make 
complex structures ranging from living biological organisms to crystals (Ulman, 1996). 
The idea of building bottom-up structures, molecule by molecule or atom by atom, is 
one of the core concepts of nanoscience and promises to revolutionise many industries 
(Ulman, 1996; Schreiber, 2000). For example, the pharmaceutical industry is 
developing ways to use self-assembly to increase the efficiency of drug delivery 
processes (Alper, 2002). Other industries are seeking to use SAMs as protective layers 
that control surface reactivity (Prime and Whitesides, 1993; Dimilla et al., 1994). 
The first reported example of a SAM dates back to 1946 and concerns the spontaneous 
adsorption of an alkylamine onto a platinum substrate (Bigelow et al., 1946). The self-
assembly was explained in terms of the relatively strong affinity of the amino group for 
the platinum surface. Since their discovery, SAMs of thiols and disulphides on gold 
have been studied for their potential applications in areas such as chemical sensors, 
nonlinear optical materials, microelectronics and computer technology (Ulman, 19%; 
Schreiber, 2000). Since surfaces may be selectively modified with a specified 
functionality, the idea has been extended in wetting studies of SAMs, which also serve 
as a model for polymer films (Jordan and Ulman, 1998). Furthermore, SAMs allow the 
establishment of controlled functionalisation for the study of surface chemistry (Nilsson 
et al., 2008). 
Ulman defines SAMs as: "molecular assemblies that are formed spontaneously by the 
immersion of an appropriate substrate into a solution of an active surfactant in an 
organic solvent" (Ulman, 1996). This definition applies to a broad field of research 
activity encompassing many different substrates, adsorbates and solvent media Organic 
monolayers formed through self-assembly can have a highly ordered structure, the 
functionality of which may be controlled through tail groups so as to alter and control 
the chemical and mechanical properties of the surfaces (Ulman, 1996; Kojio et aI., 
2 
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1998). Multiple layers can also be constructed by functionalising the end group and then 
grafting a second monolayer (Ulman, 1996). 
1.2.1 Surface modification 
The success of many applications in engineering and science requires specific control of 
the surface properties to ensure optimal performance (Laibinis et al., 1991). SAMs 
provide an accessible method for obtaining organic thin films by immersing the metal 
surface into a dilute solution of the organic molecules (Dimilla et al., 1994~ Freeman et 
al., 1995). The thicknesses of SAMs are typically 1 - 3 nm, and they form the most 
elementary type ofnanometre-scale, organic thin film (Folkers et al., 1995~ Freeman et 
al., 1995~ Gao et al., 1996~ Ron etal., 1998~ Graupe et aI., 1999~ Schreiber, 2000~ Ruan 
et al., 2004). SAMs are well-suited for studies for applications in nanoscience and 
technology since they are: easy to prepare, form on objects of all sizes and are critical 
components for stabilising and adding function to preformed surfaces and they link 
molecular-level structures to macroscopic interfacial phenomena, such as wetting, 
adhesion, and friction (Ulman, 1996~ Schreiber, 20(0). Due to their dense, stable and 
tight packing structure, SAMs have been investigated in several applications, such as 
chemical sensing, control of surface properties (e.g., wettability and friction), corrosion 
protection, patterning, semi-conductor passivation, lubrication, adhesion, nonlinear 
optimal films, and electronics (Srinivasan et al., 1998~ Maboudian et al., 2002). For 
example, the low friction of CH3-terminated SAMs largely comes from low surface 
energy due to their hydrophobic tail groups and high load-bearing capacity due to their 
compact structures (Carpick and Salmeron, 1997; Maboudian et al., 2002). Over the last 
two decades, SAMs have attracted increased interest for the production of well-defined 
ordered surfaces, which holds not only for the extensively studied system of alkane 
thiols on gold (Nuzzo and AHara, 1983; Bain et al., 1989c), but also for a number of 
silane and carboxylic acid SAMs on several metal (Folkers et al., 1995) and metal 
oxide surfaces (Gao et al., 1996). 
1.2.2 Organosulpbur SAMs on gold 
Several types of self-assembled systems have attracted scientific interest over the years, 
but monolayers formed by the self-assembly of organosulphur compounds onto metals 
represent the most widely studied systems, with monolayers formed by the self-
assembly of organosulphur compounds upon gold receiving the most attention (AlIara 
3 
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and Nuzzo, 1985; Porter et aI., 1987; Troughton et ai., 1988; Folkers et ai. , 1995; Gao 
et aI., 1996; Ron et aI. , 1998; Graupe et ai. , 1999; Zhong et ai. , 1999). It has been 
claimed that organosulphur on gold SAMs provide an excellent tool for tailoring surface 
properties (Zhong et ai., 1999). The procedure used for preparing SAMs is simple 
(Figure 1.1): a clean gold surface is immersed for a period of time ranging from a few 
hours to days' into a solution (1 - 10 mmol dm-3) ofthiols in ethanol (or less commonly, 
methanol, toluene, water or buffer solution). 
Figure 1.1 Schematic illustration of SAM -formation. Thiol molecules are rapidly 
chemisorbed onto the surface, but the organisation into a densely packed layer takes 
several hours to complete. 
Organosulphur SAMs have been derived from the adsorption of many classes of 
sulphur-containing organic compounds onto gold (Ulman, 1996), although just three 
classes of SAMs have dominated the literature (Nuzzo et aI., 1987; Troughton et ai., 
1988): alkanethiols (HS(CH2)nX); dialkyl disulphides (X(CH2)mS-S(CH2)nX ); and, 
thioethers X(CH2)mS(CH2)nX), where X represents the end group of the alkyl chain (-
CF3, -CH3, -NH2, -OR, -C02H. etc). The primary reason for this may be historical, since 
the early literature focused largely on the assemblies formed by the adsorption of 
organosclphur compounds from solution or from the vapour phase onto planar metal 
substrates of gold and silver (Nuzzo and AHara, 1983; Nuzzo et aI., 1987; Troughton et 
al., 1988; Bain et ai., 1989c). SAMs are produced when alkanethiols, HS(CH2)nX are 
chemisorbed from solution or from vapour onto surfaces of gold, silver or copper, to 
give surface coverage that is highly compact. Alkanethiols attach to the surface via their 
thiol head-group. The formation of SAMs may be considered formally as an oxidative 
addition of the S-H bond to the gold surface, followed by a reductive elimination of 
4 
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hydrogen. The adsorption chemistry is swnmarised in Equation 1.2 (Ostuni et aI., 
1999): 
x - R - SH + Auo ~ X - R - S Au + + Yill2 (1.2) 
The reaction occurs in the presence of ethanol solution, where the combination of 
hydrogen atoms yields H2 in an exothermic process (Ostuni et ai., 1999). 
1.2.3 The self-assembly process 
The properties of a SAM are derived primarily from the molecular interactions arising 
from the three parts of the adsorbate molecule: the head group, the tail group and the 
mid-section (Figure 1.2). For ideal SAM formation, the surface active molecule must 
feature a head group suitable for strong interactions or for chemical bonding with the 
surface, a molecular backbone moiety that can facilitate the 2D packing through 
favourable lateral interactions with the neighbouring molecules, and a tailor end group 
that determines the surface properties of the newly formed solid surface (Figure l.1). 
The order in a SAM is determined by the interplay of the forces exerted by the head 
group, by the intermolecular stabilisation facilitated by the molecular mid-section and 
by the interactions of the tail groups with neighbouring head-groups and the 
surrounding medium (Dubois and Nuzzo, 1992; Ulman, 1996). 
The mechanism of SAM formation is not understood fully. For alkanethiols on gold, it 
has been suggested that a two-step kinetic model my be in operation (Figure 1.2), which 
involves a diffusion-controlled adsorption step, where the thiols diffuses to the surface, 
and an organisation step, where the order and density of the monolayer increase (Dubois 
and Nuzzo, 1992; Ulman, 1996). For dilute solutions (a few mmol dm-3), the first step 
takes only a few seconds (sulphur adsorption), while the second step (orientation 
ordering), where defects and contaminants are removed from the layer and packing is 
increased, requires several hours for completion (Bain et aI., 1989c). Before use, rinsing 
of the surface is required to remove thiols that are not covalently bound to the gold 
surface (Castner et ai., 1996). Once formed, SAM-covered gold surfaces are stable in 
air or liquid, but SAMs will desorb if irradiated with ultraviolet light in an oxygen 
atmosphere, if exposed to ozone, or if heated above 70°C (Ostuni et ai., 1999). 
5 
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Figure 1.2 Components of a single molecule of a self-assembled monolayer (Dubois and 
Nuzzo, 1992). 
A layer of gold as thin as 12 nm is sufficient for the formation of continuous, well-
structured SAMs (Ostuni et al., 1999). At low surface coverage, the alkanethiolate 
molecules lie flat with their hydrocarbon backbones parallel to the gold surface, but as 
surface coverage increases the alkyl chains become aligned, with an average orientation 
at 30 - 35 0 to the surface normal, which minimises free volume and maximises 
interchain van der Waals interactions (Ostuni et aI., 1999). The tail-to-tail interaction of 
molecules created by lateral inter-chain, non-bonded interactions is often strong enough 
to produce crystal-like order (Ostuni et al., 1999). 
1.2.4 Factors that control monolayer order 
The formation of an ordered SAM structure depends on several parameters including: 
temperature, coverage, chain length, and molecular angle. The study of the relative 
contributions to the system of the energy components of physisorption, chemisorption, 
6 
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chemisorption barrier, chain-chain interaction, conformation and end-group-end-group 
interaction energy, are important for developing an appreciation of a SAM structure 
(Ulman, 1996; Canaria, 2006). 
In 1989, Bain et al. used ethanol solutions to study the process for the formation of 
octadecanethiol layers on gold (Bain et aI., 1989c). The kinetics of the adsorption were 
followed by monitoring SAM thickness, using ellipsometry. A two-stage adsorption 
process was identified: rapid film growth to 80 - 90 % of the final value « 2 min) and 
slow monolayer reorganisation (10 - 20 h), even though both wettability and thickness 
reached constant values after 60 min. Karpovich and Blanchard reported that the 
formation of octadecanethiol SAM via hexane solution is quite fast, with the monolayer 
forming within 3 - 4 s, and follows Langmuir adsorption kinetics (Karpovich and 
Blanchard, 1994). Working at a thiol concentration varying from 10 to 1000 ~ol dm-3, 
the same workers could not identify the two-step adsorption reported by Bain. Work 
with the scanning tunnelling microscope (STM) has failed to identify differences 
between SAMs formed within minutes and those formed over several days (Grunze, 
1993). 
The physical structure and chemical properties of n-alkanethiolate SAMs adsorbed onto 
gold surfaces have been studied by many analytical techniques. These include: Fourier 
transform infrared spectroscopy (Ff-IR) to examine tilt, order and gauche defects 
(Nuzzo et al., 1990; Laibinis et al., 1991); contact angle goniometry (CAG), to measure 
hydrophobicity and surface energy (Bain et al., 1989c; Whitesides, 1990 ); X-ray 
photoelectron spectroscopy (XPS), to evaluate the composition of the bound species 
(Bain et al., 1989c; Nuzzo et al., 1990); NMR spectroscopy, to obtain information about 
the monolayer structure, dynamics and molecular level formation (Badia et aI., 1997; 
Nirmalya et al., 2001); and atomic force microscopy (AFM) to investigate organisation 
on the nanometre scale. High resolution AFM images of soft samples have greatly aided 
the study of SAMs, with a large number of investigations having been carried out (Liu 
et al., 1998; Clifford and Seah, 2005b). 
Thiol concentration and immersion times have an important effect on the SAMs 
structure: low concentrations require long immersion times (Bain et aI., 1989c; 
Bensebaa et al., 1997). For SAMs formed from alkanethiols on gold, the typical surface 
7 
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density of molecules is 4.5 x 1014 molecules cm-2 (Dubois and Nuzzo, 1992). In 
practice, SAMs formed by immersion for a week in solutions with concentrations at or 
below 1 J..UDol dm-3 do not exhibit the same physical properties as those formed from 
more concentrated solutions (Bain et al., 1989c). The amount of impurities or other 
sulphur containing compounds can also complicate the use of extremely dilute solutions 
to form SAMs. Most spectroscopic and experimental evidence suggests that the average 
properties of SAMs formed from n-alkanethiols do not change significantly when 
exposed to 1 mmol dm-3 solutions of thiols for more than 12 - 18 h. The typical time 
allowed for formation (12 - 18 h) is convenient experimentally, but for some 
applications, formation over many days can improve the reproducibility of subsequent 
experiments as is exemplified by studies of electron transfer through SAMs (Chidsey, 
1991). 
1.2.4.1 Cleanliness of the surface 
Owing to the strength of the driving force of the sulphur-gold interaction, the 
significance of van der Waals interactions, and the lack of a bulky tail group, standard 
methyl terminated alkanethiols with long carbon chains are able to displace adventitious 
contamination on the gold surface (Ron et aI., 1998; Ruan et al., 2004). For other thiols 
with bulky, flexible, or charged tail groups, the cleanliness of the underlying gold is 
very important for successful SAM formation (Ruan et al., 2004). Irrespective of SAM 
material, optimal uniformity and reproducibility can only be achieved if the surface is 
free from contaminants. Numerous cleaning methods are available, which use various 
combinations of acids, bases and organic solvents at different temperatures (Duwez et 
al., 2001; Ahn et aI., 2003; Morales-Cruz et al., 2005; Dou et aI., 2006; Kang and 
Rowntree, 2007); these will be detailed further in Chapter 2. 
In general, sample preparation consists of three stages: (a) cleaning procedure I, where 
the underlying surface is cleaned using one of the above methods; (b) SAM formation; 
and, (c) cleaning procedure IT, whereby the substrates are removed from the dipping 
solution, rinsed with ethanol and dried. 
1.2.4.2 Formation of alkanethiols 
As discussed earlier, the formation of an initial monolayer occurs within a timescale of 
seconds to minutes (Nuzzo et al., 1987; Porter et al., 1987; Bain et al., 1989b; Bain et 
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al., 1989c; Ulman, 1996). After the initial monolayer has formed, the layer contains 
gauche defects and is not fully ordered (Nuzzo et al., 1987; Porter et al., 1987; Bain et 
aI., 1989b; Bain et al., 1989c; Ulman, 1996). Over time (hours to days) the layer 
anneals out the gauche defects and comes to a state where almost all chains are in the 
extended, minimal energy, configuration. Though the assembly time may depend on the 
application and desired surface structure, in most cases, assembly for a few hours is 
sufficient to produce a useable monolayer (Bain et al., 1989b; Bain et al., 1989c; 
Ulman, 1996). 
1.2.4.3 Chain length 
The number of methyl units in the chain may be varied from 2 to 20. Several functional 
groups that do not disrupt chain packing and are chemically compatible with the thiol 
moiety have been used (Bigelow et al., 1946). Methyl chains of thiols longer than about 
10 carbons exist in a crystal-like environment with fully extended chains (Nuzzo and 
AHara, 1983). From the intensity of the infrared absorption of the C-H stretching 
modes, virtually all extended-configuration aliphatic chain axes are calculated to be 
tilted at 28 - 40 0 from the surfaCe normal (Nuzzo and AHara, 1983; Ulman, 1996). 
According to diffraction studies, the sulphur atoms form a ("'3 x "'3) R 30 °overlayer 
structure formed by alkanethiolate SAMs on Au(111) with an S ... S distance of 4.99 A 
(Yang et al., 2007). Different alkyl chain lengths affect terminal group orientation, 
packing density, and coverage and therefore can have significant effect on the wetting 
properties of the resulting film (porter et aI., 1987; Bain et al., 1989b). Methyl 
terminated alkanethiols with n S 9 form mono layers that are much less densely packed, 
leading to lower film thicknesses, but for chains with n ~ II, the monolayer adopts a 
more densely packed pseudo-crystalline structure (porter et al., 1987; Bain et al., 
I 989b). 
1.2.5 Monolayer stability 
In accord with Bain et al. assertion that the stability of a SAM is determined by the 
bond strength between sulphur and gold, the magnitude of intermolecular interactions in 
the mid-section of the monolayer and the interaction of the tail groups with one another 
and their environment (Bain et aI., 1989b; Bain et al., 1989c), long-chained adsorbates 
are somewhat more robust in their applications than those with relatively short chains (n 
< 10); both kinetic and thermodynamic reasons have been implicated (Bain et al., 
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1989b). A main disadvantage of alkanethiol SAMs is their susceptibility to atmospheric 
oxidation to form sulphonates that are not stably chemisorbed The air stability of 
alkanethiol SAMs on silver and gold surfaces has been shown by Raman spectroscopy 
to be limited to a few hours: oxidised sulphur species, such as sulphonate, can be 
formed readily (Schoenfisch and Pemberton, 1998; Willey et ai., 2005). This was 
further supported by evidence from static secondary ion mass spectrometry, which has 
shown the presence of sulphonates and alkane sulphonates (Tarlov and Newman, 1992). 
The rate of photo-oxidation of SAMs with different end-groups and chain lengths under 
ultraviolet (UV) irradiation has also been studied (Hutt and Leggett, 1996; Cooper and 
Leggett, 1998). Although alkanethiolates have proven to be very useful for the surface 
modification on gold and the production of well-defined surfaces, their overall impact 
has been limited as a consequence of their relative instability. Interestingly, alkanethiol 
SAMs are reported to be stable if immersed in some organic or aqueous media 
(Tegoulia and Cooper, 2004). 
1.2.6 Organosilane SAMs on glass surfaces 
Organosilanes generally consist of a silicon atom tetrahedrally bound to three short-
chained alkoxy functionalities or chlorine groups (Figure 1.3), which can undergo 
hydrolysis to form the Si-O-Si linkage (Smith et aI., 2004; Toworfe et aI., 2006). While 
the S-Au bond is mostly charge transferred in nature, the head group substrate 
interaction of the silane and Si~ surface involves the silane molecules condensing with 
native hydroxyl groups adorning the Si~ surface to form a thin layer of covalently 
linked poly(siloxane) at the interface (Miller and Berg, 2003; Toworfe et ai., 2006). 
This polymer interface is considerably more thermally stable than that of R-S-Au, 
affording an extremely robust system (Miller and Berg, 2003). The covalent Si-O bonds 
that form are much stronger (bond strength = 368 kJ mor l ) than the thiolate-Au bond 
and in. the presence of traces of water the adsorbed silanes crosslink into a 
poly(siloxane) polymer (Cotton and Wilkinson, 1980). This crosslinking builds further 
stability into the monolayer. If excess moisture is present, the silanes react with one 
another in solution forming polymers that do not attach to the substrate surface; if no 
water is present sub-monolayers are formed (Wasserman et aI., 1989; Bunker et aI., 
2000). Silane derived SAMs on hydroxylated surfaces often display lower translational 
and conformational order than alkanethiol-Au SAMs (Tillman et ai., 1988). This is 
likely to be due to non-ideal SAM formation conditions. The tolerance to intra-
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molecular chemical functionality is much lower than that of alkanethiols: silane groups 
will react with any acidic hydrogen atoms present, necessitating their protection during 
the self-assembly step. Silane derived SAMs are considered to be good alternatives to 
organosulphur-gold SAMs, offering greater stability, although this is combined with 
much lower flexibility in terms of chemical functionalisation. The tailored 
functionalisation of the constituent molecules makes silanes ideal systems for the study 
of intermolecular forces (Singh et al., 2005). 
Figure 1.3 Structure of (3-aminopropyl)triethoxylsilane, a commonly used silane. 
Silanes have attracted much attention for their capability to modify the surface 
characteristics of materials without affecting bulk properties, and for their excellent 
chemical, mechanical and thermal stability (Ulman, 1991). These materials are 
employed in many industrial and biomedical applications, such as coupling agents for 
adhering glass fibres onto polymers, stabilising composite materials and coupling bio-
inert layers on implants (Ulman, 1991; Zhao and Kopelman, 1996). Silanes formed by 
dipping the substrate into a solution of the desired molecule, and can be used for 
controlling some specific property of a surface, e.g., reducing adhesiveness (Ulman, 
1991; Zhao and Kopelman, 1996). 
1.2.7 Polymers deposited on gold 
A polymer may be prepared from only one type of monomer (homopolymer) or of two 
or more types of monomer (co-polymer). The surface modification of polymeric 
materials affords control over their surface properties. Surface modification, as the 
narne suggests, is restricted to a shallow depth of the material (Smith, 1968; Stevens, 
1990). Ideally, the modified layer should be a few molecular layers deep, with the bulk 
material remaining unmodified. Major polymer surface modification techniques include 
plasma polymerisation, plasma spray coating, ion implantation and ion-bearn-assisted 
deposition (Smith, 1968; Stevens, 1990). The two main ways of attaching polymer 
chains to the surface are adsorption and grafting. The former involves the interaction of 
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the polymer molecules with the surface at points along the chain. In grafting, the 
polymer is functionalised through chemical reaction involving the formation of strong 
covalent bonds. 
The surface energy of a polymer may be determined from contact angle measurements 
of drops of pure liquid on the polymer surface. Evaluation of the surface energy of 
polymers is essential for optimising coating processes. The surface energy of a 
polymeric material depends upon the arrangement and spacing of atoms at the surface. 
Zisman ranked constituent groups according to surface energy, in the order CH2 > CH3 > 
CF2 > CF3 (Zisman, 1964). Owing to low intermolecular interactions, functionalisation 
of polymeric materials with fluorocarbon chains lowers their surface energy (Zisman, 
1964; Chaudhury, 1996; Jingxin and Hugh, 2002). 
1.3 Interaction forces 
Adhesion is the interaction that occurs between two dissimilar bodies when they are 
brought into contact (Gent and Hamed, 1990). Plastic deformation and fracture will 
occur in the weaker of the two materials if one of them is weaker than the interface. 
Adhesive bonds have to be broken to move the two materials relative to one another. 
The process of adhesion is complex and is affected not only by the fundamental forces 
that may occur between two molecules, such as van der Waals forces, but also the bulk 
properties of the surface, e.g., surface energy (Gent and Hamed, 1990). The van der 
Waals forces and other non-covalent interactions at the interface are macroscopic 
intrinsic material characteristics, and they are quantified as the surface and interfacial 
energies. The surface energy of a material and the interfacial energy between two 
materials in contact (112) is determined from the work of adhesion (Wad) between two 
dissimilar surfaces in contact, Equation 1. 3 (Cherry, 1981). 
(1.3) 
where 11 and 12 are the surface energies of materials 1 and 2, respectively, and 112 is the 
interfacial energy between materials 1 and 2. 
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1.3.1 Van der Waals forces 
Van der Waals forces were first identified in 1873 after the Dutch scientist J.D. van der 
Waals realised that dense gases did not behave as predicted by theory (Van Der Waals, 
1910). He theorised there to be a permanent, long-range, attractive intermolecular force 
between both atomic and molecular particles. Molecules attract each other at moderate 
distances and repel each other at close range. These non-covalent forces, collectively 
called van der Waals forces, act between non-bonded atoms or molecules and include 
dipole-dipole, dipole-induced dipole and London forces (Strong and Whitesides, 1988; 
Israelachvili, 1992; Burnham and Kulik, 1999; Parsegian, 2006). The development of 
the theory of van der Waals forces stimulated an interest in measuring forces between 
surfaces to verifY the theory. The London dispersion forces, named after the German-
American physicist Fritz London, and first proposed in 1930, are intermolecular 
attractive forces that arise from a cooperative oscillation of electron clouds on a 
collection of molecules at close range (Eisenschitz and London, 1930). They make the 
most important contribution to the total van der Waals force, and are always found 
between atoms and molecules (lsraelachvili, 1992). They occur between uncharged, 
non-polar molecules and arise because of fluctuations in the arrangement of electrons, 
which gives rise to transient dipoles. In addition, they can be exhibited by non-polar 
molecules because electron density moves about a molecule probabilistically (the use of 
probability theory), and in vacuum are weaker than other intermolecular forces such as 
ionic interactions, hydrogen bonding or permanent dipole-dipole interactions 
(Israelachvili, 1992). 
1.3.2 Capillary forces 
Capillary forces are commonly encountered in nature due to the spontaneous 
condensation of liquid from surrounding vapour, leading to the formation of a liquid 
bridge (Burnham and Kulik, 1999). Commonly, these forces arise due to the 
condensation of water at the point of contact between particles, or to pores in 
hydrophilic materials, which may condense trapped moisture (Burnham et aI., 1993). 
The capillary forces are very important in AFM measurements and will be discussed 
further in Section 1.4.1.1. 
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1.3.3 Casimir forces 
The Dutch physicist Hendrick Casimir discovered in 1948 that two mirrors placed in 
vacuum are attracted towards each other (Casimir, 1948). The so-called Casimir effect 
is a small attractive force which acts between two close parallel uncharged conducting 
plates. Casimir realised that between two plates, only those virtual photons whose 
wavelengths fit a whole number of times into the gap should be counted when 
calculating the vacuum energy. The energy density decreases as the plates are moved 
closer, which implies there is a smaller force drawing them together. The Casimir force 
is influenced by the nature of the interacting materials: for example it is much more 
sensitive to the thickness of silicon than of gold (Duraffourg and Andreucci, 2006). 
1.3.4 Chemical bonding 
A chemical bond is the physical process responsible for the attractive interactions 
between atoms and molecules, and that which confers stability to diatomic and 
polyatomic chemical compounds (Nilsson et aI., 2008). The explanation of the 
attractive forces is a complex area that is described by the laws of quantum 
electrodynamics. The two extreme cases of chemical bonds are the covalent bond, in 
which one or more pairs of electrons are shared by two atoms, and the ionic bond in 
which one or more electrons from one atom are removed and donated to another atom, 
resulting in positive and negative ions which attract each other (Nilsson et aI., 2008). 
1.3.5 Electrostatic forces 
The force operating between two charged particles at a distance is called electrostatic 
force; all materials are influenced by electrostatic fields (Meyer et al., 2004). The 
electrostatic force exerted by ionic crystals is a short-range interaction: at a long 
distance from the surface, the collective electrostatic forces from neighbouring anions 
and cations cancel (Giessibl, 2003). The electrostatic force follows Coulomb's law, 
which states that the force between two charged particles is directly proportional to the 
product of the charges and is inversely proportional to the square of distance between 
them. Coulomb forces can be either attractive, for oppositely charged bodies, or 
repulsive, for similarly charged bodies. Surface charges are acquired either by friction 
or by placing a body in an electric field (Hom and Smith, 1992; Burnham and Kulik, 
1999). Coulomb's law (Equation 1.4) owes its name to the French physicist Charles 
Augustine de Coulomb, who first described it in 1785 (Rogers and Lazarus, 1963). 
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(1.4) 
where, F is the magnitude of the electrostatic force, ql and q2 are the two electric 
charges, r is the distance between the two charges, and ke is the proportionality constant 
(8.9875 x 109 Nm2 C-2). A positive force implies a repulsive interaction, while a 
negative force implies an attractive interaction. 
1.3.6 Solvation forces 
Solvation, the process of association of solvent molecules with molecules or ions of a 
solute, depends not only on the properties of the intervening medium but also on the 
chemical and physical properties of the surfaces, and arises once there is a change in 
the liquid density at the surfaces as molecular species approach one another (Dogonadze 
et aI., 1988). 
1.3.7 Acid-base interactions 
Acid-base interactions involve the transfer of an electron pair from the base to the acid. 
It has been suggested that the acid-base interactions between two contacting surfaces 
represent the major adhesive interactions across the interface (Fowkes, 1990). Hydrogen 
bonding, which is often classed as an acid-base interaction, arises due to the attraction 
between a hydrogen atom and strongly electronegative atoms such as fluorine, oxygen, 
nitrogen or chlorine. Hydrogen bonds are stronger than van der Waals forces but not as 
strong as covalent bonds. 
According to adsorption theory, adhesion is the result of intermolecular forces arising 
from intimate interfacial contact. Such forces are also called non-dispersive interactions, 
because of their inability to disperse light; in contrast to the van der Waals forces. The 
bond strength varies according to the magnitude of the respective bond energy. 
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1.4 Surface and analytical techniques 
1.4.1 Scanning probe microscopy 
Scanning probe microscopy (SPM) is the name given to a range of related techniques 
that involve a combination of imaging and local physical property measurements by 
investigating physical or chemical interactions between a sharp proximal probe and a 
surface (Shao et ai., 1996; Vansteenkiste et aI., 1998). The two primary forms of SPM 
are scanning tunnelling microscopy (STM) and atomic force microscopy (AFM). STM 
was first developed in 1982 at ffiM in Zurich by Binnig et ai., where atomic resolution 
images were first observed (Binnig et aI., 1982). STM operates by applying a bias 
potential between a small tip, usually made from an etched or cut platinum wire, and a 
conducting sample. When the tip-sample gap is very small (of the order of few 
Angstroms), a small tunnelling current (pA or nA) flows across the 'forbidden' gap 
between the two materials. The tip is raster-scanned during this process and the 
tunnelling current is measured thus producing the STM image. The technique 
necessarily requires an electron-conductive material as a sample, which limits the 
materials that can be studied (Binnig et aI., 1982). In 1986, AFM was developed by 
Binnig et al. with the important advantage of it being able to operate with insulating 
materials, such as ceramics, biological materials and polymers, in addition to 
conductors and semi-conductors (Binnig et ai., 1986). This technique is explained in 
more detail. 
1.4.1.1 Atomic force microscopy 
AFM can provide pseudo-three-dimensional images of surface topography in liquid or 
gaseous environments, over a range of temperatures (typically, ambient - 250°C) 
(Blanchard, 1996; laschke et ai., 1996; Smith et ai., 1997; Morris et aI., 1999; Praga 
and Ricci, 2004; Atsushi, 2008). In addition to high-resolution imaging, AFM is capable 
of measuring nano-mechanical surface properties, such as adhesion, compliance, 
friction and roughness. AFM can be used for the investigation of wear, cleaning, 
corrosion, indentation, lubrication, detection of transfer of material and surface potential 
(Bhushan, 2002; Praga and Ricci, 2004; Atsushi, 2008). 
AFM operates by allowing tiny contact forces between the surface and a scanning tip to 
be measured (Figure 1.4). The sharp AFM tip mounted at the end of a flexible cantilever 
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can be used to probe a number of properties of the sample, including its topological 
features and its mechanical characteristics (Meyer et aI., 2004). Precise lateral and 
vertical displacement of the sample with respect to the probe is achieved by a 
piezoelectric scanner holding the sample. AFM tips are pyramidal in shape with a radius 
of ca. 1 - 100 nm; they are typically made of micro-machined monolithic silicon, 
silicon nitride or gold-coated silicon nitride, exhibiting excellent uniformity, and are an 
integral part of the cantilever, which can be either beam-shaped or V -shaped (Figure 
1.5) (Jaschke et ai., 1996; Butt et ai., 2005). 
4-point quadrant detector 
Cantilever and tip 
Feedback 
Image ......... ___ _ 
XYZ piezo scanner 
Figure 1.4 Schematic of an atomic force microscope. 
The AFM uses an optical detection system in which the tip is attached to the underside 
of a reflective cantilever; a photodetector measures the difference in light intensities 
between the upper and lower quadrants. Forces acting between the sample surface and 
the tip cause deflection of the cantilever that is registered by a laser beam reflected off 
the back of the cantilever. The laser position is monitored by a mirror, which is used to 
increase the path length between the cantilever and the detector to amplify deflections 
of the laser beam. A feedback loop maintains a constant deflection of the cantilever by 
moving the scanner in the z-direction to maintain the set-point deflection. Without this 
feedback loop, the tip would crash into the sample with even small topographic features. 
The contact force between the tip and the sample can be obtained using Hooke' s Law. 
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The cantilever deflections are used to create a topographic image of the sample when 
the sample is scanned in the x-y (horizontal) direction, where a three dimensional 
topographical map of the surface is then constructed by plotting the local sample height 
versus horizontal probe tip position (Jaschke et aI., 1996; Butt et ai. , 2005). 
Figure 1.5 Scanning electron microscope images of an AFM 'V-shaped' cantilever with 
a standard-profile integrated tip. 
The AFM can operate in two different modes: contact mode, where the tip either 
continuously touches the sample, or tapping mode, where the tip periodically taps the 
surface and bends as it is repelled or attracted to the sample. In the former, the force 
between the sample surface and the tip is kept constant; it is the most common AFM 
method of operation and is usually used to image hard and stable samples that are not 
affected by frictional forces. The quality of an image depends on the degree of force 
exerted bY'the tip on the surface. V-shaped cantilevers are primarily used for contact 
mode AFM, which have typical spring constants (k) of 0.06 - 0.6 N m-1, the low value 
enabling them to be sensitive to very small variations in surface topology. 
Tapping mode is another common mode which operates by vibrating the cantilever in 
either air or in liquids. Beam cantilevers are commonly used in tapping mode, where 
high k values are necessary (20 - 80 N m-1) . The development of tapping mode 
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overcomes some of the problems which arise through mfavourable probe-surface 
interactions. When the tip moves towards the surface, it begins to touch or tap the 
surface and leads to an energy loss of the oscillating tip, which reduces the tip 
amplitude. Tapping mode imaging is implemented in ambient air by oscillating the 
cantilever assembly at or near the cantilever's resonant frequency using a piezoelectric 
crystal. This technique allows high-resolution topographic imaging of sample surfaces 
that are easily damaged, loosely held to their substrate or are difficult to image using 
contact mode (Bhushan, 2002). In addition, deformation in tapping mode is elastic 
because contact is rapid and un-sustained, which means samples return to their original 
form following impression. 
The AFM tip can be used to scan the surface plane x-y to produce a topography map of 
the height of the sample in either contact or tapping mode. This data can be used to 
calculate roughness data to characterise the sample, which is of great importance in 
contact mechanics. For example, if a particle adhering to the surface is smaller than the 
distance between asperities, it will fall into the trough, leading to an increase in contact 
area which may increase adhesion. If the particle is larger than the asperity distance, the 
particle will be mabIe to come into close contact with the particle, leading to a 
reduction in the van der Waals contribution to the adhesion force. The effects of 
roughness on adhesion are reduced when there is liquid present because the liquid forms 
a thin layer between the adhesive and the surface, which minimises the roughness 
(Matijevic, 1976). The most common statistical representation of the roughness is the 
roughness average or mean-line-average (Ra) that represents the mean of the absolute 
values of the height values, and the root mean square (RMS) roughness (Rq) of a surface 
that represents the standard deviation of all the height data for the image (Assender et 
al., 2002; Ata et al., 2002). 
The mechanical properties of the contacting surfaces, such as hardness and elasticity are 
important in the adhesion of particles. The hardness of a material is defined as the 
resistance to indentation and elasticity as the ability of a material to resume its initial 
form after removal of an applied stress. These material properties will affect how the 
particle and surface will deform on contact, which in the absence of surface forces, will 
be in response to the press-on force (Heuberger et al., 1996). The presence of 
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deformation will generally increase the area of contact, which will affect adhesion in a 
number of ways, for example, by increasing the van der Waals forces (podczeck, 1998). 
In addition to high-resolution images, AFM can be used to measure forces acting 
between the AFM tip and the surface. This is known as force versus distance curve 
acquisition and can be used to measure the long range attractive or repulsive forces 
between the probe tip and the sample surface, elucidating local chemical and 
mechanical properties, such as adhesion, elasticity, thickness of adsorbed molecular 
layers and bond rupture lengths. The pull-off force is equal to the adhesion force, and is 
the product of the cantilever deflection during jump-off contact and the spring constant 
of the cantilever (Cappella et aI., 1997). The relationship between the motion of a 
cantilever and the applied force is given by Hooke's Law (Equation 1.5): 
F=kd (1.5) 
where, F is the applied load (N), k is the force or spring constant (N m- l ), and d is the 
distance that the 'spring' has been stretched or compressed (m) from the equilibrium 
position. 
The force versus distance curve typically shows the deflection of the free end of the 
AFM cantilever as the fixed end of the cantilever is brought vertically towards and then 
away from the sample surface (Figure 1.6). At point A, the tip is far away from the 
surface, where there are no forces acting between the cantilever and the surface. As the 
scanner extends, bringing the tip close to the surface, the cantilever remains un-
deflected until it comes close enough to the sample surface for the tip to experience 
attractive van der Waals forces. These may be sufficient to display a 'jump to contact' 
event (B -: C). Once the tip is in contact with the surface (C), the cantilever deflection 
will increase as the fixed end of the cantilever is brought closer to the sample. If the 
cantilever is sufficiently stiff, the probe tip may indent into the surface and the slope of 
C - D may provide information about the elasticity of the sample surface. At point D, 
the tip is retracted from the surface although adhesion forces may keep the tip attached 
to the surface until the force exerted by the cantilever can overcome adhesion (F). The 
tip then snaps back into its initial position and the cycle can start again (A) (Jaschke et 
aI., 1996; Butt et aI., 2005; Salerno and Bykov, 2006). 
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When AFM measurements are obtained under ambient conditions (where there is 
humidity), tip and sample surfaces are coated with a thin layer of liquid; separation of 
these surfaces produces a resistance force due to capillary action. This effect is called 
'necking', and is effective in AFM when the probe's tip briefly touches a sample during 
tapping mode. The probe, in atmospheric conditions, is subject to three kinds of tip-
sample intenlction forces: the remote attraction (van der Waals), repulsion (ionic and 
Pauli) and contact attraction (adhesion). Repulsion occurs when the tip and sample are 
in very close proximity due to the Pauli Exclusion Principle. Attractive forces (van der 
Waals), due to static and dynamic fluctuations of molecular charge, only become 
apparent when the tip and sample are well separated on the atomic scale. 
D 
Force 
~ ~A ~ E-- _-'\iB~ __ ====== 
C G } Adhesion 
F 
Distance 
Figure 1.6 Schematic representation of a typical force versus distance curve obtained 
from AFM analysis, a cantilever-sample interaction during adhesion force measurement 
(Beech et al., 2002). 
In air, the three main attractive forces between sliding interfaces (AFM tip and sample) 
are van der Waals forces, electrostatic forces and capillary forces due to a film of water 
covering one or both surfaces. These latter, strong attractive forces (ca. 100 nN) exerted 
by the thin water layer are often present in ambient environments and arise when water 
wicks around an AFM tip, holding the tip in contact with the surface (Meyer et aI., 
2004). The magnitude of this force depends upon the tip-to-sample separation. If the tip 
is in contact with the sample, the capillary force should be constant because the distance 
between the tip and the sample is virtually incompressible. It is also assumed that the 
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water layer is reasonably homogeneous. The total force that the tip exerts on the sample 
is the sum of the capillary plus cantilever forces. Capillary forces are considerably 
affected by the geometry of the AFM tip, the humidity of the environment, the vertical 
distance between the tip and the surface, as well as the contact angles of the meniscus 
with the tip and the surface and therefore, the sharper the tip, the smaller the capillary 
force (Li et al, 2007). 
1.4.1.2 Chemical fo.·ce microscopy 
Adhesion is governed by short-range intermolecular forces, which in many cases can be 
controlled by appropriate surface modification to provide specific chemical 
functionality on the probe surface. In addition, the forces exerted between AFM tips and 
samples arise principally from van der Waals interactions. These interactions are rather 
non-specific, although it is relatively straightforward to chemically modify the tip 
surface so that its interaction with the sample may be made highly specific. For 
example, the tip may be modified to have a charged surface, one which readily forms 
hydrogen bonds or may be made hydrophobic. In these simple cases, it is the interaction 
with the sample which bends the cantilever, and therefore the information that is 
contained in the images has chemical information about the tip-sample interaction. 
) 
This chemically modified AFM technique is referred to as chemical force microscopy 
(CFM, Figure l. 7) and it can be used to evaluate the strengths of specific forces of 
attraction directly (Florin et aI., 1994; Noy et aI., 1997; Clear and Nealey, 1999; Okabe 
et aI., 2000a; Okabe et aI., 2000b; Smith et aI., 2003). The first reported use of this 
technique was by Florin et ai., wherefunctionalised AFM tips and surfaces with biotin-
avidin ligand-receptor pairs were used (Florin et aI., 1994). In addition, AFM studies 
have shown that the adhesive force is inversely proportional to the similarity of the 
solvent and the functional groups of the tip and the surface (Stone et aI. , 1998; Benzarti 
et aI. , 2006). The adhesive forces between tips and substrates modified with SAMs 
terminating in -CF3, -CH3, -OCH3, -CH2Br, -OH, -C02H, -COCH3, -CONH2 and -NH2 
tail groups have been measured in organic and aqueous solvents, and in inert dry 
atmospheric conditions (Okabe et ai., 2000a; Warszynski et aI. , 2003; 1>foel et aI., 
2004b). 
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Figure l. 7 Chemical force microscopy: chemically modified substrate and probe; X is 
the modified functional tail group (-OH, -C~H, -CH3, -NH2) . 
Through SAM technology, it is possible to modify the AFM tip with a variety of 
chemical functionalities. The AFM tip, usually gold-coated, is first covered with an 
ordered SAM which may be further modified in situ. Functionalised tips are then used 
in force-distance curve measurements to probe the chemical forces of interaction to 
complementary surfaces. Such measurements can also provide quantitative information 
about their surface energy (see Section l.5). 
1.4.1.3 Ad~esion theory 
The contrast mechanism in AFM is the variation of attractive and repulsive inter-
molecular forces that exist between the tip and surface. The magnitude of these forces is 
dependent on the nature and size of the tip, the nature of the surface and the distance 
between the tip and surface. 
The nature of the stresses arising form the contact between two elastic bodies is of 
considerable importance and was first studied by Hertz in 1881, where it was assumed 
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there to be no adhesion or friction between surfaces and the contact stress is 
compressive over the whole contact area (Figure 1.8) (Hertz, 1881). Several theories 
have emerged from the pioneering work by Hertz, where the adhesion between two 
smooth elastic bodies has been given increasing focus. Each theory has a well-
established validity range and the appropriateness of each must be ful ly acknowledged 
when being aPplied to AFM measurements. The most commonly used adhesion models 
are the Johnson-Kendall-Roberts (JKR) (Johnson et aI. , 1971) and the DeIjaguin-
Muller-Toporov (DMT) (DeIjaguin et aI. , 1975) models (Figure 1.9), that consider only 
the van der Waals adhesion forces under a normal load for a perfectly smooth rnicro-
particle and substrate. The JKR model holds for compliant materials, large particles and 
high surface energies, whereas the DMT model is valid for more rigid materials, smaller 
particles and lower surface energies. The DMT theory is applicable for systems with 
low adhesion and small tip radii, whereas the JKR theory is suitable for highly adhesive 
systems with low stiffness and large tip radii . 
F 
Figure 1.8 Spherical particle of radius R attached to a flat, horizontal surface (Cappella 
and Dietler, 1999). 
Geometrical effects on local elastic deformation properties were considered by Hertzian 
theory of elastic deformation, which relates the circular contact area of a sphere with a 
plane to the elastic deformation properties of the materials (Johnson, 1985; Greenwood, 
1997). In this theory, any surface interactions such as near-contact van der Waals 
interactions or contact adhesive interactions are neglected. Hertz theory assumes that 
neither adhesion nor surface forces act between the surfaces. The deformation is 
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induced in the sphere by an externally applied force (F) and assumes that the contact 
area is a circular, with a contact radius a (Equation l.6): 
3 FR 
a =-
K 
(l.6) 
where R is the radius of the sphere and K is the composite Young's modulus calculated 
using Equation l. 7: 
(l.7) 
where EJ and E2 are the Young' s modulii of the sphere and the surface, and VI and V2 
are the respective Poisson ratios (Johnson et al., 1971). 
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Figure l.9 Attractive forces according to Hertz, JKR and DMT theories (Cappella and 
Dietler, 1999). 
JKR theory', established in 1971, is an extension of Hertz theory that covers the situation 
where contact forces act to increase the area of contact under zero load conditions 
(Johnson et aI. , 1971). In JKR theory, based upon the consideration to be adhesive, 
hence the theory correlates the contact area to the elastic material properties and the 
. interfacial interaction strength. In addition, JKR is based upon to the consideration that 
surface forces act inside the contact region causing deformation that is not fully 
Hertzian, and is suitable for highly adhesive systems with low stiffuess and large tip 
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For AFM force measurements, an accurate determination of the radius of curvature of 
the tip (R) is required. This is usually carried out prior to force measurements using 
SEM (to an accuracy of ca. 0.1 J.UIl; relative error 0.5 - 1 %). Alternatively, R may be 
determined using optical microscopy (relative error of ca. 10 % (Kokkoli and Zukoski, 
2000)) or by scanning the tip, in contact mode (Neto, 2001) over a sample possessing 
well-defined ' sharp features, such as the commercial TGTOI silicon grating 
(MikroMasch, San Jose, CA, USA; Figure 1. lOa). An artefact image is produced due to 
interactions involving the sidewalls of the tip and the sharp spikes of the grating (Figure 
l.10b, c). 
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~ ~-A, -
--A- -A ...A..,. 
~~--A. 
A~,.) 
• Jl.OIllTl 
(a) 
AFM L iII.lI11C:VCI 
Height 
(b) 
ZOU om 
(c) 
Figure l.10 Commercial TGTOI silicon grating for determining AFM tip radius: (a) 
SEM image of the grating (Bykov et aI. , 1998), (b) schematic representation of the 
sharp grating being scanned by the relatively blunt AFM tip, and (c) typical AFM 
artefact image. 
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radii. According to this theory, the pull-off force (force of adhesion, Fad) required for 
separating an AFM tip of radius R from a planar surface is given by Equation 1. 8: 
(1.8) 
A more involved theory, the DMT theory, also considers van der Waals interactions 
outside the elastic contact regime, which give rise to an additional load. DMT theory 
also assumes that there are attractive forces deforming the sphere, although compared 
with the JKR theory, these are acting outside the contact region (Derjaguin et al., 1975). 
These forces alone produce a fmite area of contact, and if an external load is applied, the 
area: of contact is increased, and if a negative load is applied, the contact area diminishes 
until it reaches zero. In additiQn, the use ofDMT theory has not been as popular as JKR 
and is better suited to hard, non-deforming contacts of low surface energy (MUller et aI., 
1980). The DMT model assumes that adhesion acts outside the Hertzian contact region, 
and Fad is given by Equation 1.9: 
(1.9) 
Both theories apply to particle-substrate systems where the following conditions are met 
(Drelich et al., 2004): deformations of materials are purely elastic, described by 
classical continuum elasticity theory; materials are elastically isotropic; E and v of both 
materials remain constant during deformation; the contact diameter between particle and 
substrate is small compared to the diameter of the particle; a paraboloid describes the 
. curvature of the particle in the particle-substrate contact area; no chemical bonds are 
formed during adhesion; and contact area significantly exceeds molecular / atomic 
dimensions. Differences between JKR and DMT occur in assuming the nature of forces 
acting between particle and substrate; JKR assumes attractive forces act only inside the 
particle-substrate contact area, and DMT includes long-range surface forces operating 
outside the particle-substrate contact area (Drelich et aI., 2004). According to Xinghua 
and Zhao, the JKR model is valid for low modulus, high surface energy materials and 
large indenters, whereas the DMT model is valid for more rigid materials with lower 
surface energies and for smaller indenters (Xinghua and Zhao, 2005). Table 1.1 shows 
values that have been measured between various alkanethiols on gold in different media 
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using both theories. It can be seen that there are large differences between reported 
values for the same system and medium, which may be due to SAMs substrate 
preparation and the conditions of homogeneous deposition. 
1.4.1.4 Spring constant and tip radius determination 
The most important parameters for quantative AFM force measurements are the spring 
constant (k, N mol) and tip radius (R), which for reasons of accuracy must be 
determined prior to AFM measurements (Ohler, 2007). Cantilevers for Tapping Mode® 
typically have k > 1, and cantilevers for contact mode have k < 1. The nominal values of 
k and R are given by the manufacturer, but are not accurate, varying by a factor of two 
or more, making it necessary to measure k in situ (Sader, 1995; Ohler, 2007). 
This issue was recognised as soon as AFM force measurement applications started 
being developed (Florin et aI., 1994). The three different classes of experimental 
methods developed to measure k of an AFM cantilever are the dimensional models 
(Sader, 1995; Clifford and Seah, 2005a), the static deflection method (Senden and 
Ducker, 1994; Gibson et aI., 1996) and the dynamic deflection method (Hutter and 
Bechhoefer, 1993; Cook et aI., 2006). In the former, fully theoretical analyses or semi-
empirical formulas are used to calculate k based on cantilever dimensions and material 
properties and can be measured with a scanning electron microscope (SEM) or optical 
microscope (except the cantilever thickness). Static deflection methods are determined 
by loading the cantilever with a known static force and measuring its deflection and the 
latter method uses the resonance behaviour of the cantilever to relate back to k, which 
generally involves finding the cantilever's resonant frequency combined with other 
measurements. Many articles have discussed and compared some of the techniques 
(Hutter and Bechhoefer, 1993; Florin et aI., 1995; Sader, 1995; Sader et al., 1995; 
Gibson et al., 1996; Gibson et al., 1997; Morris et al., 1999; Sader et aI., 1999; Sader, 
2002; Burnham et al., 2003; Gibson et al., 2003; Gibson et al., 2004; Clifford and Seah, 
2005a; Gibson et al., 2005; Poggi et al., 2005; Cook et al., 2006; MUller et al., 2006; 
Salerno and Bykov, 2006); with many of these considering only a small subset of the 
techniques. A more detailed explanation of the dimensional models will be presented in 
Chapter 2, including a comparison and recommendation as to which equation should be 
chosen for the accurate determination of k. 
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Table 1.1 AFM measured values between functional groups in air and in liquids. 
System Medium R k Wad Fad Adhesion Inm INm-1 ImJm-2 InN theory Ref. 
OH-OH Air 78.0±5.0 22±3 DMT (Awada et al., 2005a) 
C02H-C~H Air 228.0±54.0 DMT (Brogly et al., 2006) 
C02H-C~H Air 20 -40 62 (Green et al., 1995) 
OH-OH Hexadecane 1.4 ±0.6 (Warszynski et 
al., 2003) 
C02H-C~H Hexadecane 30 0.78 (Sinniah et al., 1996) 
CH3 -CH3 Hexadecane 30 0.5 
(Sinniah et al., 
1996) 
CF3 -CF3 Hexadecane 3.2 ± 1.1 
(Warszynski et 
al., 2003) 
(VanDer Vegte 
OH-OH Ethanol 35 0.2 6 and Hadziioannou, 
1997) 
OH-OH Ethanol 2.3 (Drelich et al, 2004) 
C02H-C~H Ethanol 54 0.12 8.9±3.1 JKR (Noy et al., 1995) 
C02H-C~H Ethanol 60 2.3 ±0.8 (Noy et al., 1995) 
C02H-C02H Ethanol 6.7 ± 2.3 JKR 
(Drelich et al., 
2004) 
C02H-C02H Ethanol 35 0.2 8.4 ± 1.1 
(Brogly et al., 
2006) 
(VanDer Vegte 
C02H-C02H Ethanol 30 1.9 
and 
Hadziioannou, 
1997) 
CH3-CH3 Ethanol 30 3.5 (Noy et al, 1995) 
OH-OH Water 2.0±0.3 (Duwez et al., 2001) 
OH-OH Water 0.3 ±0.1 (Warszynski et al., 2003) 
C02H-C~H Water 1.4 ± 0.5 (Warszynski et al., 2003) 
C02H-C02H Water 30 16.3 
(Sinniah et al., 
1996) 
C02H-C02H Water 20 -40 2.8±0.2 (Han et al., 1995) 
CH3 -CH3 Water 30 88.4 
(Sinniah et al., 
1996~ 
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1.4.2 Scanning electron microscopy 
In SEM, the surface of a solid sample is scanned with a beam of electrons in a vacuum. 
This beam is collimated by electromagnetic condenser lenses, focused by an objective 
lens, and scanned across the surface of the sample by electromagnetic deflection coils 
(Goldstein et al., 2003). The source of the beam is an electron gun, where the electrons 
are emitted from a heated tungsten filament cathode (2700 K) and are then accelerated 
by an electric field (between 1 - 50 kV) to produce highly magnified images. Non-
conducting samples cannot be examined by this method and therefore require treatment 
to increase their conductivity; the most common approach involves coating the sample 
with a thin layer of a conducting metal (gold or gold/palladium, produced by sputtering 
or by vacuum evaporation) (Butt et al., 2006). This treatment is necessary to prevent the 
build up of electrical charge, which would distort the image and can lead to thermal 
damage of the sample. The SEM primary limitation is that the samples need to be clean, 
dry and electrically conductive. The Environmental SEM (ESEM) retains all of the 
advantages of a conventional SEM, although removes the high vacuum constraint on the 
sample environment (Butt et al., 2006). One advantage using the ESEM is that is not 
necessary to make nonconductive samples conductive, and thus their original 
characteristics may be preserved for further testing or manipulation. 
1.4.3 Contact angle goniometer 
A goniometer is an instrument that either measures angles or allows an object to be 
rotated to a precise angular position. The term goniometry is derived from two Greek 
words, gonia (yoovia), meaning angle and metro (f.l£tpo), meaning measure. Contact 
angle goniometry (CAG) is mainly used to measure the contact angle (0) and is often 
used to examine the general hydrophilicity / hydrophobicity of a surface (Good, 1979). 
The technique has been applied to the study of SAMs (Bain et al., 1989c). 
Investigations of interfacial phenomena, such as wetting / dewetting of solid surfaces 
and capillary penetration into porous media and coating, have all been made possible by 
the use of CAG. The instrumentation consists of a video camera, equipped with a 
magnifying lens, connected to a computer with image analysis software that allows the 
determination of 8 (Figure 1.11). The measured angle reflects the degree of surface 
attraction for the liquid probe, which in turn relates to surface energy. 
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Figure 1.11 Diagram showing the basic components of a sessile drop goniometer. 
The contact angle 0 is the angle at which a liquid / vapour interface meets the solid 
surface and is a quantitative measure of the wetting of a solid by a liquid (Good, 1979). 
It is define~ geometrically as the angle formed by a liquid at the three phase boundary 
where a liquid, gas and solid intersect after balancing of the adhesive forces between the 
liquid and solid, and the cohesive forces within the liquid itself (Figure 1.12) (Amirfazli 
and Neumann, 2004; Gajewski, 2005; Blake, 2006). A balance of surface forces exists 
at the boundary of the three phases with surface forces acting in opposite directions and 
interfacial tension exerting pressure tangentially along the surface; 8 is specific for any 
given system and is determined by the interactions across the three interfaces. Values of 
8 are typically measured by depositing a drop of liquid on a given solid surface and 
placing a tangent to the drop at its base (Amirfazli and Neumann, 2004; Gajewski, 
2005; Blake, 2006). There are several techniques available for the measurement of 8, 
such as the sessile drop, dynamic Wilhelmy, single-fibre Wilhelmy and the powder 
methods (Amirfazli and Neumann, 2004; Gajewski, 2005; Blake, 2006). Neumann and 
Good identified possible errors in the measurements of 8 due to optical illusion and 
reported that once these have been overcome, an accuracy of> 0.5 0 may be achieved 
(Neumann and Good, 1979). However, Good observed that due to hysteresis and 
inconsistencies in surface properties, 8values are rarely constant to within 1 0 across a 
surface (Good, 1979). 
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Figure 1.12 Balance of energies and forces at the interface of a solid surface (S), a liquid 
(L) and a vapour (JI), where)' is the excess free energy of the interfaces (Amirfazli and 
Neumann, 2004). 
Solid surfaces can be characterised in terms of their surface energy )" also referred to as 
solid surface tension. This approach involves testing the solid against a series of well 
characterised wetting liquids. The wetting capacity is related to 0, e.g. , a surface is 
hydrophilic if 0 < 90 0 or hydrophobic if 0 > 90 0 (Figure l.13) (Ami rfazl i and 
Neumann, 2004; Gajewski, 2005; Blake, 2006). When there is a maximum interaction, 
o = 0 and complete wetting of the surface by the liquid takes place; the spread of the 
liquid is determined by its viscosity and the surface roughness and therefore 0, provides 
a useful inverse measure of wettability. CAG of alkanethiol SAMs have revealed water 
contact angles to be sensitive to packing density (Smith et ai., 2004). 
Hydrophilic Hydrophobic 
Figure 1.13 Schematic of typical drop shapes observed on hydrophilic and hydrophobic 
surfaces; the liquid used is filtered water. 
Surface energy can be calculated from 8 using Young's equation (Equation l.10) 
(Zisman,"l964; Long et ai., 2005). This equation assumes equilibrium conditions and an 
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ideal surface (homogeneous chemical composition, non-deformable and 
microscopically smooth) (Zisman, 1964; Long et aI., 2005). The value of 8is assumed 
to be independent of the volume of the drop, although it is dependent on the 
temperature, the nature of the liquid, solid and vapour phases (Zisman, 1964; Long et 
aI., 2005). 
hv cosB = rsv -rSL (1.10) 
where 1sv, 1LV, and 1SL are the surface tensions of the solid-vapour, liquid-vapour and 
solid-liquid interfaces, respectively. 
In real situations, probing non-ideal surfaces, two stable contact angles are observed: the 
advancing contact angle (OA) and the receding contact angle (OR); measured, as their 
names imply, by advancing and receding the periphery of a drop over the surface -
difference OA - OR is referred to as hysteresis (8yy.t; Equation 1.11) (Johnson and Dettre, 
1969). A small value of 8yys « 5 0) suggests that the surface is free from contamination, 
well organised and smooth (Karpovich and Blanchard, 1994). Alternatively, a large 
value indicates a system with chemical and morphological heterogeneity of surface 
swelling, rearrangement, inter-diffusion and/or surface deformation (Whitesides and 
Laibinis, 1990). 
(1.11) 
Table 1.2 shows values of 8A for a series ofalkanethiol SAMs on smooth gold surfaces. 
Generally, polar terminal groups (hydrophilic) are associated with low values of 8A , 
whereas non-polar terminal groups (hydrophobic) normally effect high 8A values. 
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Table 1.2 Advancing contact angles (SA), using water drops, measured on gold-coated 
surfaces covered with different amine or thiol SAMs (pacifico et 01.,2006). 
SAM fJA /0 
CJIsNH2 96.3 
CsH17NH2 86.0 
C12HnNH2 77.2 
C16H31NH2 84.6 
C1sH3SNH2 85.3 
C~sSH 98.3 
C~sSH 106.2 
4H13SH 98.6 
ClOH21 SH 102.7 
CIO~F17SH 108.6 
C1sH3SSH 109.4 
No SAM (pure gold) 71.0 
Goniometry is a macroscopic method that probes the average surface property of 
heterogeneous surfaces; the method cannot be used to probe surfaces at the microscopic 
level. Also, probed surfaces must be chemically and physically inert with respect to the 
liquids used (GUle~ et 01., 2006). Probing-method-induced complications, such as those 
relating to ionisation of functional groups, chemical instability of solid, or dissolution of 
the solid by the probing liquid, invalidate the technique (Drelich et 01.,2004). 
Two methods are used widely to evaluate surface energy from S measurements: the 
two-l~quid, Owens-Wendt method (Owens and Wendt, 1969); and, the three liquid 
method, also known as the acid-base method, which is derived by combining the 
Young-Dupre equation and the Good-Girifalco-Fowkes rule (Good, 1979; Long et 01., 
2005). These methods are described in Chapters 2 and 4. 
1.4.4 Infrared spectroscopy 
Infrared (IR) spectroscopy is a technique that can provide information about chemical 
composition of a material, functional groups, and molecular orientation. The 
fundamental vibrations of organic groups appear mainly between 4000 cm-l and 400 
cm-
l (Alpert et 01., 1970; Nyquist, 2001). Absorption of IR radiation excites molecular 
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vibrations, causing atoms to vibrate with increased amplitude about the covalent bonds 
that connect them. A certain bond vibration is excited by the adsorption of a certain 
wavelength of IR radiation, resulting in absorption of that characteristic energy. An IR 
spectrum consists of a plot of percentage transmittance (%1) or absorbance (A) versus 
wavenumber (1 / wavelength, cm-l ). Carbon dioxide and water vapours, present in air, 
are IR active compounds and can cause interferences that need to be minimised during 
measurements. This is achieved by placing samples in a vacuum chamber or purging 
with nitrogen gas. 
Fourier Transform Infrared Spectroscopy (FT -IR) is the most commonly used IR 
method and refers to the manner in which data is collected and converted from an 
interference' pattern to a spectrum. FT -IR is a powerful tool that identifies chemical 
bond types in a molecule by producing an infrared absorption spectrum that serves as a 
molecular fingerprint. Instead of probing each wavelength component sequentially, a 
Fourier transform spectrometer examines all wavelengths simultaneously. This enables 
a rapid collection of many sample spectra The IR spectrometer has three main 
components (Figure 1.14): the IR radiation source, the interferometer, and the detector. 
Radiation from the IR source reaches a Michelson interferometer, which consists of a 
fixed mirror, a moving mirror and a semi reflecting device called a beamsplitter. At the 
beamsplitter, part of the IR beam is transmitted to the fixed mirror and the other part is 
transmitted to the moving one. By changing the position of the moving mirror, a 
difference in optical path length between the beams is introduced. After reflection at the 
two mirrors, the beams are recombined and an interference pattern is generated The 
resulting beam is then passed through the sample and certain wavelengths matching the 
sample's vibrational modes are absorbed. Finally, the beam reaches the detector and an 
interferogram, a spectrum displaying intensity versus time within the mirror scan, is 
acquired. A mathematical Fourier transform converts the interferogram to the final IR 
spectrum, which shows intensity vs. wavenumber. 
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Figure 1.14 Schematic setup of an FI -IR spectrometer. 
There are infrared spectroscopic techniques that can be used for the characterisation of 
thin organic layers, such as SAMs. IR spectra can be collected using an IR-microscope 
or typically using grazing angle Fourier transform infrared reflection absorption 
spectroscopy (IRAS). According to Hom et aI., the strongest absorptions in alkanethiol 
SAM spectra may be recorded using 85 0 IRAS, with the C - H stretching modes lying 
between 3000 and 2800 cm-l and the C-H deformation in the range 1500 - 1300 cm- l 
(Hom et aI., 1996). Of particular interest are the antisymmetric stretching (va) CH2 and 
the symmetric stretching (lis) CH2 bands; Va varies between 2917 cm-l , for the all-trans 
conformation of the alkyl chains, and 2925 cm- l for a completely disordered monolayer 
(Snyder et al., 1982; Macphail et aI., 1984). The transparent metal films used as 
supports for the SAMs decrease the quality of the measurements relative to those 
obtaihed from thicker gold substrates, although the information concerning peak 
positions in the C-H stretch region and also the methylene deformation bands at 700 _ 
1500 cm-l can be extracted with a high degree of certainty (Snyder et aI. , 1982; 
Macphail et aI. , 1984). 
1.4.5 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) is a powerful surface analysis technique that is 
widely used to provide information about elemental composition, orientation and the 
atom's chemical environment in a sample. The technique is based on the photoelectric 
effect, whereby photons induce emission of electrons from a solid (Briggs and Seah, 
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1996). To effect electron emission, the surface is bombarded with X-rays at a specified 
angle fJ (Figure 1.15) (Briggs and Seah, 1996). XPS gives information that is limited to 
essentially the top 5 - 10 run of the film. The amount of energy required for the electron 
to overcome the attractive force of the nucleus is called the binding energy; the 
spectrum is obtained as a plot of the number of detected electrons against the binding 
energy per energy interval. Since each element possesses a characteristic set of electron 
binding energies, the elemental composition of the surface may be determined; the 
small variations in the measured energies can provide informati·on about the chemical 
state of the element. The path length of the photons in a solid is of the order of 
micrometres, with only those electrons originating within the first tens of Angstroms 
below the ~lid surface being detectable. The emitted electrons have kinetic energies 
given by Equation 1.12: 
Elcin = h v - E - <ll b s (1.12) 
where hv is the energy of the incoming photon, Eb is the binding energy of the atomic 
orbital from which the electron originates, and tP. is the spectrometer work function. 
Since the binding energy of an electron of a given atom is not a fixed value but is 
affected by the chemical environment of the atom, the peak of the kinetic energy of the 
emitted electrons is within a certain range. The change in kinetic energy due to 
interaction between atoms is called a chemical shift. 
Quantitative data may be obtained from peak heights or peak areas and identification of 
chemical states can often be made from exact measurement of peak positions and 
separations and from certain spectral features. In a typical XPS investigation, where the 
surface composition is unknown, a broad scan survey spectrum is typically obtained to 
identify the elements present. Once the elemental composition has been determined, 
narrower detailed scans of selected peaks can be obtained for a more comprehensive 
picture of the chemical composition. Typically, the C(1s) peak (284.8 eV) is used as a 
reference to the photoelectron count by adjusting the position of the sample relative to 
the source and the detector, and low electron pass energy is used to probe the elements 
present in the thin film sample, e.g., C, F and o. However, caution must be exercised 
with fluorocarbon films, since surface charging of these are insulating structures can 
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lead to a shift in binding energies. XPS is the surface analytical tool of choice when 
surface composition as a function of depth is under study. 
Lens 
column 
Substrate 
X-rays 
Figure l.15 Basic components in an X-ray photoelectron spectroscopy setup. 
The technique has proven to be very useful for the characterisation of SAMs (Allara and 
Nuzzo, 1985; Bain et al., 1989c; Nuzzo et al., 1990; Laibinis et aI., 1991 ; Freeman et 
al., 1995; Konstadinidis et aI., 1995; Fisher et aI., 1999; Hooper et aI., 1999; Zhong et 
al., 1999; Nakano et aI. , 2003). Initial studies of SAMs using XPS showed that a 
covalent bond exists between the sulphur head-group and the gold substrate, defmed the 
chemical species and oxidation states of constituent atoms in the SAM, and 
demonstrated that the film is of a single monolayer (Troughton et al., 1988; Bain et aI. , 
1989a; Bain et al., 1989c; Nuzzo et aI., 1990; Laibinis et aI. , 1991; Laibinis et al. , 
1992). In addition, XPS is capable of identifying the elements present and their 
oxidation states within the SAM, and it has been utilized as a powerful diagnostic tool 
to analyze SAMs once they have been chemically modified (Smith et aI., 2004). 
1.4.6 Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance (NMR) spectroscopy IS a method with numerous 
applications that allows the detection of subatomic and structural information of 
molecules. The technique measures the absorption of electromagnetic radiation in the 
radio-frequency region of ca. 4 - 900 Hz (Breitrnaier, 2002). NMR works by generating 
a small magnetic field to a sample and then detecting how the system responds to the 
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electromagnetic radiation that corresponds to the energy absorbed by a nucleus to cause 
a switching of electron spins (Breitmaier, 2002). Through the application of a uniform 
magnetic field, electrons surrounding a IH or BC nucleus typically are induced to rotate 
in a certain plane, generating in a small magnetic field (Breitmaier, 2002). This 
magnetic field causes interacts with the applied magnetic field; a phenomenon known as 
shielding. Since electron cloud densities within structures are dependent on the 
proximity of other atoms, which cause shielding, the frequency of absOlption or 
frequency shift is characteristic of the chemical environment of the particular atom. The 
degree of shifting (t5) is mainly affected by the proximity of the atom to an electron 
withdrawing or donating group. Electron donating groups shield the nucleus and cause 
up-field sh!fts of the detected signal. Solvents, concentration and temperature can ~so 
have an effect on d. The spectra obtained are interpreted by examining a combination of 
spectral features including d, the integration value and the multiplicity of the peak. 
Signal integration corresponds to the ratio of hydrogen atoms within each environment, 
whereas multiplicity relates to the number of neighbouring hydrogens (Breitmaier, 
2002). For example, in IH NMR,a CH2 environment with a neighbouring C-H group, 
would produce integration approximately double that of the C-H group, and should 
show a peak multiplicity of two (a doublet). 
1.5 Aims of the thesis 
The key aim of this research is to develop a method for measuring local surface energy 
at nanoscale resolution; the outline of the thesis in relation to the key aim is presented in 
Figure 1.16. The work presented here builds on that of Beach et 01. (Beach et 01., 2002) 
who ,made an early attempt towards the nanoscale determination of surface energy by 
measuring the pull-off forces between hexadecanethiol SAMs on gold-coated silicon 
nitride AFM tips and also those on similarly treated silicon wafers. Dependent upon the 
cantilever and AFM adhesion theory used for the calculation, the reported surface 
energies of the h~xadecanethiol SAM ranged from 24.28 ± 9.28 mJ m-2 to 35.91 ± 22.45 
mJ m-2. The very large standard deviation values and considerable deviations from the 
surface energies calculated by CAG(l8.9 mJ m-2 (Vezenov et 01., 1997) and 19.3 mJ m-
2 (Bain et 01., 1989c» highlight the weaknesses of the adopted methodologies and 
emphasize the need for alternative approaches. Other attempts to correlate AFM-
measured· adhesion forces with surface energy have been made (Warszynski et 01., 
2003; Noel et 01., 2004a; Awada et 01., 2005a; Awada et 01., 2005b; Brogly et 01.,2006; 
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Hooton et aI., 2006; Zhang et aI., 2006). A detailed appreciation of the fundamental 
structural characteristics of SAM systems and an improvement of the practical protocols 
o f S AM pre p a rati o n (co n cent ra ti o n s . fo rma ti o n , s ubs trate p re parati o n . conditio n s for 
homogeneous deposition, stability) are integral to the current project and have been also 
studied in detail (Figure 1.16). 
THESIS 
Towards the determination of surface energy at the nanoscale. 
CHAPTER 2 
Self-assembled structures of alkanethiols on gold-coated cantilever tips and 
substrates for atomic force microscopy: molecular organisation and conditions for re:roV SiriOn 
CHAPTER 3 
Self-assembled alkanethiol structures on gold: a further insight into the origins of 
structural rearrangement phenomena 
CHAPTER 4 
The determination of surface energy at the nanoscale: a comparative study of data 
from atomic force microscopy and contact angle goniometry. 
CHAPTERS 
Nanoscale determination of surface energy of silanes and dip-coated polymers. 
Figure 1.16 Flow diagram of the structure of the thesis in relation to the key aim of the 
project. 
40 
Chapter 1: General introduction 
1.6 References 
Adamson, A W., Gast, AP. (1997). Physical Chemistry of Surfaces. Sixth Edition. 
Wiley-Interscience, New York. 
Ahn, H-S., Cuonga, P.D., Park, S., Kimb, Y.-W., Limb, J.-e. (2003). Effect of 
molecular structure of self-assembled monolayers on their tribological behaviors in 
nano- and microscales. Wear, 255,819-825. 
AlIara, D.L., Nuzzo, RG. (1985). Spontaneously organized molecular assemblies. 1. 
Formation, dynamics, and physical properties of n-alkanoic acids adsorbed from 
solution on an oxidized aluminum surface. Langmuir, 1, 45-52. 
Alper, J. (2002). Breaching the membrane (new ways to move drugs through 
membranes). Science, 296,838-839. 
Alpert, N.L., Keiser, W.E., Szymanski, HA (1970). IR Theory and Practice of Infrared 
Spectroscopy. Second Edition. Plenum Press, New York. 
AmirfazIi, A, Neumann, A (2004). Status of the three-phase line tension: a review. 
Advances in Colloid and Interface Science, 110, 121-141. 
Assender, H, BIiznyuk, v., Porfyrakis, K (2002). How surface topology relates to 
materials' properties. Science, 297, 973-976. 
Ata, A., Rabinovich, Y., Singh, R (2002). Role of surface roughness in capillary 
adhesion. Journal of Adhesion Science and Technology, 16, 337-346. 
Atsushi, I. (2008). The World of Nano-Biomechanics: Mechanical Imaging and 
Measurement by Atomic Force Microscopy. Elsevier, Oxford. 
Awada, H, Castelein, G., Brogly, M. (2005a). Quantitative determination of surface 
energy using atomic force microscopy: the case of hydrophobiclhydrophobic contact 
and hydrophiliclhydrophiIic contact. Surface and Interface Analysis, 37, 755-764. 
41 
Chapter 1: General inlroduction 
Awada, H., Castelein, G., Brogly, M. (2005b). Use of chemically modified AFM tips as 
a powerful tool for the determination of surface energy of functionalised surfaces. 
Journal de Physique IV, 124, 129-134. 
Badia, A, Cuccia, L., Demers, L., Morin, F., Lennox, RB.J. (1997). Structure and 
dynamics in alkanethiolate monolayers self-assembled on gold nanoparticles: a DSC, 
FT-IR, and deuterium NMR study. Journal of the American Chemical Society, 119, 
2682-2692. 
Bain, C.D., Biebuyck, H.A, Whitesides, GM. (1989a). Comparison of self-assembled 
monolayers on gold: coadsorption ofthiols and disulfides. Langmuir, 5, 723-727. 
Bain, C.D., Evall, J., Whitesides, GM (1989b). Formation of monolayers by the 
coadsorption of thiols on gold: variation in the head group, tail group, and solvent. 
Journal of the American Chemical Society, 111, 7155-7164. 
Bain, C.D., Troughton, E.B., Tao, YT., Evall, J., Whitesides, J.M., Nuzzo, RG 
(1989c). Formation of monolayer films by the spontaneous assembly of organic thiols 
from solution onto gold. Journal of the American Chemical Society, 111,321-335. 
Beach, E.R, Tormoen, GW., Drelich, J. (2002). Pull-off forces measured between 
hexadecanethiol self-assembled monolayers in air using an atomic force microscope: 
analysis of surface free energy. Journal of Adhesion Science and Technology, 16, 845-
846. 
Beech, I.B., Smith, J.R, Steele, AA, Penegar, I., Campbell, S.A (2002). The use of 
atomic force microscopy for studying interactions of bacterial biofilms with surfaces. 
Journal of Colloids and Surfaces B: Biointerfaces, 23, 231-247. 
Bensebaa, F., Voicu, R, Huron, L., Ellis, T.H., Kruus, E. (1997). Kinetics of formation 
of long-chain n-alkanethiolate monolayers on polycrystalline gold. Langmuir, 13, 5335-
5340. 
42 
Chapter 1: General introduotion 
Benzarti, K, Perruchot, c., Chehimi, M.M (2006). Surface energetics of cementitious 
materials and their wettability by an epoxy adhesive. Colloids and Surfaces A: 
Physicochemical and Engineering Aspects, 286, 78-91. 
Bhushan, B. (2002). Introduction to Tribology. Wiley & Sons, New York. 
Bigelow, W.C., Pickett, D.L., Zisman, W.A. (1946). Oleophobic monolayers: I. Films 
adsorbed from solution in non-polar liquids. Journal of Colloid Science, 1, 513-538. 
Binnig, G., Quate, C.F., Gerber, C. (1986). Atomic force microscope. Physical Review 
Letters,56,930-933. 
Binnig, G., Rohrer, H., Gerber, c., Weibel, E. (1982). Surface studies by scanning 
tunneling microscopy. Physical Review Letters, 49, 57-6l. 
Blake, T. (2006). The physics of moving wetting lines. Journal of Colloid and Interface 
Science, 299, 1-13. 
Blanchard, C.R (1996). Atomic force microscopy. The Chemical Educator, 1, 1-8. 
Breitmaier, E. (2002). Structure Elucidation by NMR in Organic Chemistry. John Wiley 
& Sons, Bonn. 
Briggs, D., Seah, M.P. (1996). Practical Surface Analysis: Auger and X-Ray 
Photoelectron Spectroscopy. Second Edition. John Wiley & Sons, New York. 
Brogly, M., Noel, 0., Awada, H, Castelein, G., Schultz, l (2006). A nanoscale study of 
the adhesive contact. Comptes Rendus Chimie Adhesion -Adhesion, 9, 99-110. 
Bunker, B.c., Carpick, RW., Assink, RA., Thomas, M.L., Hankins, MG., Voigt, lA., 
Sipola, D., de Boer, M.P., Gulley, G.L. (2000). The impact of solution agglomeration 
on the deposition of self-assembled monolayers. Langmuir, 16, 7742-7751. 
43 
Chapter 1: General introduction 
Burnham, N.A, Chen, X., Hodges, C.S., Matei, G.A, Thoreson, E.I, Roberts, e.J., 
Davies, M.e., Tendler, S.JB. (2003). Comparison of calibration methods for atomic-
force microscopy cantilevers. Nanotechnology, 14, 1-6. 
Burnham, N.A, Colton, RJ., Pollock, HM (1993). Interpretation of force curves in 
force microscopy. Nanotechnology, 4, 64-80. 
Burnham, N.A, Kulik, AJ. (1999). Surface Forces and Adhesion. In: Handbook of 
Micro/nanotribology. Bhushan, B. CRC Press, Santa Clara. pp. 247-271. 
Butt, H-J, Cappella, B., Kappl, M (2005). Force measurements with the atomic force 
microscope: technique, interpretation and applications. Surface Science Reports, 59, 1-
152. 
Butt, H-I, Graf, K., KappI, M. (2006). Physics and Chemistry of Interfaces. Second 
Edition. Wiley-VCR, Darmstadt. 
Bykov, v., Gologanov, A, Shevyakov, V. (1998). Test structure for SPM tip shape 
deconvolution. Applied Physics A: Materials Science and Processing, 66, 499-502. 
Canaria, C.A, So, J, Maloney, IR, Yu, C.l, Smith, 10., Roukes, M.L., Fraser, S.E., 
Lansford, R (2006). Formation and removal of alkylthiolate self-assembled monolayers 
on gold. Lab Chip, 6, 289-295. 
Cappella, B., Baschieri, P., Frediani, C., Miccoli, P., Ascoli, e. (1997). Force-distance 
curves by AFM. A powerful technique for studying surface interactions. IEEE 
Engineering in Medicine and Biology Magazine, 16, 58-65. 
Cappella, B., Di~tler, G. (1999). Force-distance curves by atomic force microscopy. 
Surface Science Reports, 34, 1-104. 
Carpick, R W., Salmeron, M (1997). Scratching the surface: fundamental investigations 
oftribology with atomic force microscopy. Chemical Reviews, 97, 1163-1194. 
44 
Chapter 1: General introduction 
Casimir, H..B.G (1948). On the attraction between two perfectly conducting plates. 
Proceedings of the Royal Netherlands Academy of Arts and Sciences, 51, 793-795. 
Castner, D.O., Hinds, K, Grainger, D.W. (1996). X-ray photoelectron spectroscopy 
sulfur 2p study of organic thiol and disulde binding interactions with gold surfaces. 
Langmuir, 12, 5083-5086. 
Chaudhwy, MK. (1996). Interfacial interaction between low energy surfaces. Materials 
Science and Engineering, RI6,19, 97-159. 
Cherry, B.W. (1981). Polymer sUrfaces. Cambridge University Press, Cambridge. 
Chidsey, C.E.D. (1991). Free energy and temperature dependence of electron transfer at 
the metal-electrolyte interface. Science, 251, 919-922. 
Clear, S.c., Nealey, P.F. (1999). Chemical force microscopy study of adhesion and 
friction between surfaces functionalized with self-assembled monolayers and immersed 
in solvents. Journal of Colloid and Interface Science, 213, 238-250. 
Clifford, c.A., Seah, MP. (2005a). The determination of atomic force microscope 
cantilever spring constants via dimensional methods for nanomechanical analysis. 
Nanotechnology, 16, 1666-1680. 
Clifford, c.A., Seah, M.P. (2005b). Quantification issues in the identification of 
nanoscale regions of homopolymers using modulus measurement via AFM 
nanoindentation. Applied Surface Science, 252, 1915-1933. 
Cook, S.M., Schaffer, T.E., Chynoweth, KM., Wigton, M., Simmonds, R W., Lang, 
KM. (2006). Practical implementation of dynamic methods for measuring atomic force 
microscope cantilever spring constants. Nanotechnology, 17,2135-2145. 
Cooper, E., Leggett, GJ. (1998). Static secondary ion mass spectrometry studies of self-
assembled monolayers: influence of adsorbate chain length and terminal functional 
group on rates of photo oxidation ofalkanethiols on gold. Langmuir, 14,4795-4801. 
45 
Chapter 1: General introduction 
Cotton, F.A, Wilkinson, G. (1980). Advanced Inorganic Chemistry. Fourth Edition. 
Wiley, New York. 
Derjaguin, B.V., Muller, V.M., Toporov, Y.P. (1975). Effect of contact defonnation on 
the adhesion of particles. Journal of Colloid and Inteiface Science, 53, 314-326. 
DiMilla, P.A, Folkers, J.P., Biebuyck, HA, Haerter, R, Lopez, G.P., Whitesides, G.M 
(1994). Wetting and protein adsorption of self-assembled monolayers of alkanethiolates 
supported on transparent films of gold. Journal of the American Chemical Society, 116, 
2225-2226. 
Dogonadze,' RR., Kalman, E., Komyshev, AA, Ulstrup, 1. (1988). The Chemical 
Physics of Solvation, Part C. Elsevier, Amsterdam. 
Doll, R-F., Ma, x.-c., Luan, x., Hin, L.Y., King, Y.W., Woon, ML., Jia, J.-F., Xue, 
Q.-K., Yang, W.-S., Hong, M., Jen, AK.-Y. (2006). Self-assembled monolayers of 
aromatic thiols stabilized by parallel-displaced 1t-1t stacking interactions. Journal of the 
American Chemical SOCiety, 22, 3049-3056 
Drelich, J., Tormoen, G.W., Beach, E.R. (2004). Determination of solid surface tension 
from particle-substrate pull-off forces measured with the atomic force microscope. 
Journal of Colloid and Inteiface Science, 280, 484-497. 
Dubois, L.H, Nuzzo, R G. (1992). Synthesis, structure, and properties of model organic 
surfaces. Annual Review of Physical ChemiStry, 43, 437-463. 
Duraffourg, L., Andreucci, P. (2006). Casimir force between doped silicon slabs. 
Physics Letters A" 359, 406-411. 
Duwez, A-S., Poleunis, C., Bertrand, P., Nysten, B. (2001). Chemical recognition of 
antioxidants and UV-light stabilizers at the surface of polypropylene: atomic force 
microscopy with chemically modified tips. Langmuir, 17,6351-6357. 
Eisenschitz, R., London, F. (1930). Uber das verhaItnis der van der Waals schoo krafte 
zu den homoopolaren bindungskraften. Zeitschriftfiir Physik, 60, 491-527. 
46 
Chapter 1: General introduotion 
Fisher, G.L., Hooper, A, Opila, RL., Jung, D.R, AHara, D.L., Winograd, N. (1999). 
The interaction between vapor-deposited AI atoms and methyl ester-terminated self-
assembled monolayers studied by time-of-tlight secondary ion mass spectrometIy, x-
ray photoelectron spectroscopy and infrared retlectance spectroscopy. Journal of 
Electron Spectroscopy and Related Phenomena, 98-99, 139-148. 
Florin, E.L., Moy, v.T., Gaub, H.E. (1994). Adhesion forces between individual ligand-
receptor pairs. Science, 264, 415-417. 
Florin, E.L., Rief, M, Lehmann, H, Ludwig, M., Dommair, C., Moy, v.T., Gaub, HE. 
(1995). Sensing specific molecular interactions with the atomic force microscope. 
Biosensors and Bioelectronics, 10, 895-90l. 
Folkers, J.P., Gorman, C.B., Laibinis, P.E., Buchholz, S., Whitesides, G.M., Nuzzo, 
RG. (1995). Self-assembled monolayers of long-chain hydroxamic acids on the native 
oxide of metals. Langmuir, 11, 813-824. 
Fowkes, F.M. (1990). Quantitative characterization of the acid-base properties of 
solvents, polymers, and inorganic surfaces. Journal of Adhesion Science and 
Technology, 4, 669-691. 
Freeman, T.L., Evans, S.D., illman, A (1995). XPS studies of self-assembled 
multilayer films. Langmuir, 11, 4411-4417. 
Gajewski, A (2005). A method for contact angle measurements under tlow conditions. 
International Journal of Heat and Mass Transfer, 48, 4829-4834. 
Gao, W., Dickinson, L., Grozinger, C., Morin, F.G., Reven, L. (1996). Self-assembled 
monolayers ofalkylphosphonic acids on metal oxides. Langmuir, 12,6429-6435. 
Gent, A, Hamed, G. (1990). Fundamentals of Adhesion. In: Handbook of Adhesives. 
Skeist, I. Chapman & Hall, New York. pp. 39-73. 
47 
Chapter 1: General introduction 
Gibson, C.T., Johnson, D.l, Anderson, C., Abell, C., Rayment, T. (2004). Method to 
determine the spring constant of atomic force microscope cantilevers. Review of 
Scientific Instruments, 75, 565-567. 
Gibson, c.T., Smith, D.A., Roberts, C.I (2005). Calibration of silicon atomic force 
microscope cantilevers. Nanotechnology, 16, 234-238. 
Gibson, c.T., Watson, G.S., Myhra, S. (1997). Scanning force microscopy - calibrative 
procedures for 'best practice'. Scanning, 19, 564-581. 
Gibson, c.T., Watson. G.S., Myhra, S. (1996). Determination of the spring constants of 
, 
probes for force microscopy/spectroscopy. Nanotechnology, 7, 259-262. 
Gibson, C.T., Weeks, B.L., Abell, C., Rayment, T., Myhra, S. (2003). Calibration of 
AFM cantilever spring constants. Ultramicroscopy, 97, 113-118. 
Giessibl, F.I (2003). Advances in atomic force microscopy. Reviews of Modem 
Physics, 75, 949-983. 
Goldstein, 11., Newbury, D.E., Echlin, P., Joy, D.C., Lyman, C., Lifshin, E., Sawyer, 
L., Michael, IR (2003). Scanning Electron Microscopy and X-Ray Microanalysis. 
Third Edition. Kluwer AcademiclPlenum Publishers, New York. 
Good, RI (1979). Contact angles and the surface free energy of solids. Surface and 
Colloid Science, 11, 1-29. 
Graupe, M., Koini, T., Kim, HI., Garg, N., Miura, Y.F., Takenaga, M, Peny, S.S., Lee, 
T.R (1999). Self-assembled monolayers of CF3-terminated alkanethiols on gold. 
Colloids and Surfaces, 154, 239-244. 
Green, I-B., McDermott, M.T., Porter, MD., Siperko, L.M. (1995). Nanometer-scale 
mapping of chemically distinct domains at well-defined organic interfaces using 
frictional force microscopy. Journal of Physical Chemistry, 99, 10960-10965. 
48 
Chapter 1: General introduotion 
Greenwood, J.A (1997). Adhesion of elastic spheres. Proceedings of the Royal Society 
of London, 453, 1277-1297. 
Grunze, M. (l993). Preparation and characterization of self-assembled organic films on 
solid substrates. Physica Scripta, T49, 711-717. 
GUle~, HA, Sarioglu, K, Mutlu, M. (2006). Modification of food contacting surfaces 
by plasma polymerisation technique. Part I: Determination of hydrophilicity, 
hydrophobicity and surface free energy by contact angle method. Journal of Food 
Engineering, 75, 187-195. 
Han, T., Williams, J., Beebe, T. (l995). Chemical bonds studied with functionalized 
atomic force microscopy tips. Analytica ChimicaActa, 307,365-376. 
Hertz, H (l881). On the contact of elastic solids. Journal for die reine und angewante 
Mathematik, 92, 153-171. 
Heuberger, M., Dietler, G., Schlapbach, L. (l996). Elastic deformations of tip and 
sample during atomic force microscope measurements. Journal of Vacuum Science and 
Technology B, 14, 1250-1253. 
Hooper, A, Fisher, G.L., Konstadinidis, K, Jung, D., Nguyen, H, Opila, R, Collins, 
RW., Winograd, N., Allara, D.L. (1999). Chemical effects of methyl and methyl ester 
groups on the nucleation and growth of vapor-deposited aluminum films. Journal of the 
American Chemical Society, 121, 8052-8064; 
Hooton, J.e., German, e.S., Davies, M.e., Roberts, e.J. (2006). A comparison of 
morphology and surface energy characteristics of sulfathiazole polymorphs based upon 
single particle studies. European Journal o/Pharmaceutical Sciences, 28, 315-324. 
Hom, AB., Russell, D.A, Shorthouse, L.J., Simpson, T.RE. (1996). Ageing of 
alkanethiol self-assembled monolayers. Journal 0/ the Chemical SOCiety, 92, 4759-
4762. 
49 
Chapter I: General introduction 
Hom, RG., Smith, D.T. (1992). Contact electrification and adhesion between dissimilar 
materials. Science, 256, 362-364. 
Hutt, D.A, Leggett, G.I (1996). Influence of adsorbate ordering on rates of UV 
photooxidation of self-assembled monolayers. Journal of Physical Chemistry, 100, 
6657-6662. 
Hutter, IL., Bechhoefer, I (1993). Calibration of atomic-force microscope tips. Review 
of Scientific Instnnnents, 64, 1868-1873. 
Israel achvi li, IN. (1992). Intermolecular and SUiface Forces. Second Edition. 
Academic Press, New York. 
Jaschke, M., Butt, H-I, Manne, S., Gaub, HE., Hasemann, 0., Krimphone, F., Wolff, 
E.K (1996). The atomic force microscope as a tool to study and manipulate local 
surface properties. Biosensors and Bioelectronics, 11,601-612. 
Jingxin, L., Hugh, IH (2002). A scanning probe study of some short chain self-
assembled alkylsilane films. Journal of Materials Chemistry, 12, 1268-1273. 
Johnson, KL. (1985). Contact Mechanics. Cambridge University Press, Cambridge. 
Johnson, KL., Kendall, K, Roberts, AD. (1971). Surface energy and contact of elastic 
solids. Proceedings of the Royal Society of London Series A: Mathematical and 
Physical Sciences, 324, 301-313. 
Johnson, R, Dettre, R (1969). Wettability and contact angles. In: Suiface and Colloidal 
Science. Matijevic, E., Eirich, F. Wiley-Interscience, New York. pp. 85-153. 
Jordan, R, Ulman, A (1998). Surface initiated living cationic polymerization of 2-
oxazolines. Journal of the American Chemical Society, 120, 243-247. 
Kang, I, Rowntree, P.A (2007). Gold film surface preparation for self-assembled 
monolayers studies. Langmuir, 23, 509-516. 
50 
Chapter 1: General introduction 
Karpovich, D.S., Blanchard, 0.1. (1994). Direct measurement of the adsotption kinetics 
of alkanethiolate self-assembled monolayers on a microcrystalline gold surface. 
Langmuir, 10,3315-3322. 
Kojio, K., Ge, S., Takahara, A, Kajiyama, T. (1998). Molecular aggregation state ofn-
octadecyltrichlorosilane monolayer prepared at an air/water interface. Langmuir, 14, 
971-974. 
Kokkoli, E., Zukoski, C.F. (2000). Surface forces between hydrophilic self-assembled 
monolayers in aqueous electrolytes. Langmuir, 16, 6029-6036. 
Konstadinidis, K., Zhang, P., Opila, RL., AHara, D.L. (1995). An in-situ X-ray 
photoelectron study of the interaction between vapor-deposited Ti atoms and functional 
groups at the surfaces of self-assembled monolayers. Surface Science, 338, 300-312. 
Laibinis, P.E., Nuzzo, R 0., Whitesides, o.M (1992). Structure of monolayers formed 
by coadsotption of two n-alkanethiols of different chain lengths on gold and its relation 
to wetting. Journal of Physical Chemistry, 96,5097-5105. 
Laibinis, P.E., Whitesides, o.M., AHara, D.L., Tao, YT., Parikh, AN., Nuzzo, Ro. 
(1991). Comparison of the structures and wetting properties of self-assembled 
monolayers of n-alkanethiols on the coinage metal surfaces, copper, silver, and gold. 
Journal of the American Chemical Society, 113, 7152-7167. 
Li, Z.-x., Zhang, L.-1., Fang, H.-P. (2007). Theoretical study on the capillary force 
between an atomic force microscope tip and a nanoparticle. Chinese Physics Letters, 24, 
2289-2292. 
Liu, o.-Y, Xu, S., Cruchon-Dupeyrat, S. (1998). Atomic force microscopy studies of 
self-assembled monolayers of thiols. In: Thin Film: Self-Assembled Monolayers of 
Thiols. Ulman, A pp. 81-110. 
Long, 1., Hyder, M., Huang, R, Chen, P. (2005). Thermodynamic modelling of contact 
angles on rough, heterogeneous surfaces. Advances in Colloid and Interface Science, 
118, 173-190. 
51 
Chapter 1: General introduotion 
Maboudian, R, Ashurst, W.R, Carraro, C. (2002). Tribological challenges m 
micromechanical systems. Tribology Letters, 12, 95-100. 
MacPhail, RA, Strauss, H.L., Snyder, RG., Elliger, C.A (1984). C-H stretching 
modes and the structure ofn-alkyl chains. 2. Long, all-trans chains. Journal of Physical 
Chemistry, 88,334-341. 
Matijevic, E. (1976). Suiface and Colloidal Science. Wiley and Sons, New York. 
Meyer, E., Hug, H.J., Bennewitz, R (2004). Scanning Probe Microscopy: The Lab on a 
Tip. Springer-Verlag, Berlin. 
Miller, AC., Berg, J.e. (2003). Effect of silane coupling agent adsorbate structure on 
adhesion performance with a polymeric matrix. Composites Part A, Applied Science 
andManujacturing, 34, 327-332. 
Morales-Cruz, AL., Tremont, R, Martinez, R, Romafiach, R, Cabrera, e.R (2005). 
Atomic force measurements of 16-mercaptohexadecanoic acid and its salt with CH3, 
OR, and CONHCH3 functionalized self-assembled monolayers. Applied Surface 
Science, 241, 371-383. 
Morris, VJ., Kirby, AR, Gunning, AP. (1999). Atomic Force Microscopy for 
Biologists. Imperial College Press, London. 
MUller, M., Schimmel, T, Haussler, P., Fettig, H., MUller, 0., Albers, A (2006). Finite 
element analysis of V-shaped cantilevers for atomic force microscopy under normal and 
lateral force loads. Suiface and Inteiface AnalysiS, 38, 1090-1095. 
MUller, VM., Yushchenko, V.S., Derjaguin, B.V (1980). On the influence of molecular 
forces on the deformation of an elastic sphere and its sticking to a rigid plane. Journal 
of Colloid and Inteiface Science, 77, 91-101. 
Nakano, M., Ishida, T, Numata, T, AnOO, Y., Sasaki, S. (2003). Alkyl chain length 
effect on tribological behavior of alkanethiol self-assembled mono layers on Au. 
Japanese Journal of Applied Physics, 42, 4734-4738. 
52 
Chapter 1: General introduotion 
Neto, C., Craig, V.S.J. (2001). Colloid Probe Characterization: Radius and Roughness 
Determination. Langmuir, 17,2097-2099. 
Neumann, A W., Good, RJ. (1979). Techniques of measuring contact angles. Surface 
and Colloid Science, 11, 31-91. 
Nilsson, A, Pettersson, L., N0rskov, J.K (2008). Chemical Bonding at Surfaces and 
Interfaces. Elsevier, Oxford. 
Nirmalya, KC., Aslam, M., Sharma, J., Vijayamohanan, K (2001). Applications of 
self-assembl~d monolayers in materials chemistry. Proceedings of the Indian Academy 
of Sciences, 113,659-670. 
Noel, 0., Brogly, M., Castelein, G, Schultz, J. (2004a). In situ determination of the 
thermodynamic surface properties of chemically modified surfaces on a local scale: an 
attempt with the atomic force microscope. Langmuir, 20, 2707-2712. 
Noel, 0., Brogly, M., Castelein, G, Schultz, 1. (2004b). In situ estimation of the 
chemical and mechanical contributions in local adhesion force measurement with AFM: 
the specific case of polymers. European Polymer Journal: Selected papers from the 3rd 
International Conference on Scanning Probe Microscopy of Polymers, 40,965-974. 
Noy, A, Frisbie, D., Rozsnyai, L., Wrighton, M., Lieber, C. (1995). Chemical force 
microscopy: exploiting chemically-modified tips to quantifY adhesion, friction, and 
functional group distributions in molecular assemblies. Journal of the American 
Chemical Society, 117, 7943-7951. 
Noy, A, Vezenov; D.V., Lieber, C.M. (1997). Chemical force microscopy. Annual 
Review of Material Science, 27, 381-421. 
Nuzzo, RG, Allara, D.L. (1983). Adsorption of bifunctional organic disulfides on gold 
surfaces. Journal of the American Chemical Society, 105,4481-4483. 
Nuzzo, RG, Dubois, L.H., Allara, D.L. (1990). Fundamental studies of microscopic 
wetting on organic surfaces. I. Formation and structural characterization of a self-
53 
Chapter 1: General introduction 
consistent series of polyfunctional organic monolayers. Journal of the American 
Chemical Society, 112, 558-569. 
Nuzzo, RG., Zegarski, B.R, Dubois, L.R. (1987). Fundamental studies of the 
chemisorption of organosulfur compounds on gold(111). Implications for molecular 
self-assembly on gold surfaces. Journal of the American Chemical Society, 109, 733-
740. 
Nyquist, R.A. (2001). Interpreting Infrared, Raman, and Nuclear Magnetic Resonance 
Spectra. Academic Press, San Diego. 
Ohler, B. (2007). Application note 94: practical advice in the determination of 
cantilever spring constants. Retrieved 02/10/2008 from http://www.veeco.com/library. 
Okabe, Y, Akiba, u., Fujihira, M. (2000a). Chemical force microscopy of cm and 
COOH terminal groups in mixed self-assembled monolayers by pulsed-force-mode 
atomic force microscopy. Applied Suiface Science, 157,398-404. 
Okabe, Y, Furugori, M., Tani, Y, Akiba, u., Fujihira, M (2000b). Chemical force 
microscopy of microcontact-printed self-assembled monolayers by pulsed-force-mode 
atomic force microscopy. Ultramicroscopy, 82, 203-212. 
Ostuni, E., Van, L., Whitesides, G.M (1999). The interaction of proteins and cells with 
self-assembled monolayers of alkanethiolates on gold and silver. Colloids SUifaces B: 
Biointeifaces, 15, 3-30. 
Owens, D.K., Wendt, RC.1. (1969). Estimation of the surface free energy of polymers. 
Journal of Applied Polymer Science, 13, 1741-1747. 
Pacifico, 1., Endo, K., Morgan, S., Mulvaney, P. (2006). Superhydrophobic effects of 
self-assembled monolayers on micropattemed surfaces: 3-D arrays mimicking the lotus 
leaf Journal of the American Chemical Society, 22, 11072-11076. 
Parsegian, A. V. (2006). Van der Waals Forces. A Handbook for Biologists, Chemists, 
Engineers and Physicists. Cambridge University Press, New York. 
54 
Chapter 1: General introduction 
Pereni, c.I., Zhao, Q., Liu, Y, Abel, E. (2006). Surface free energy effect on bacterial 
retention. Colloids and Su1jaces B: Biointe1jaces, 48, 143-147. 
Podczeck, F. (1998). Particle-particle Adhesion in Pharmaceutical Powder Handling. 
Imperial College Press, London. 
Poggi, M.A., McFarland, A.W., Colton, IS., Bottomley, L.A. (2005). A method for 
calculating the spring constant of atomic force microscopy cantilevers with a 
nonrectangular cross section. Analytical Chemistry, 77, 1192-1195. 
Porter, M.D., Bright, T.B., Allara, D.L., Chidsey, C.E.D. (1987). Spontaneously 
organized molecular assemblies. 4. Structural characterization of n-alkyl thiol 
monolayers on gold by optical ellipsometry, infrared spectroscopy, and 
electrochemistty. Journal of the American Chemical Society, 109, 3559-3568. 
Praga, P.C., Ricci, D. (2004). Atomic Force Microscopy: Biomedical Methods and 
Applications. Human Press Inc., New Jersey. 
Prime, K.L., Whitesides, G.M. (1993). Adsorption of proteins onto surfaces containing 
end-attached oligo(ethylene oxide): a model system using self-assembled monolayers. 
Journal of the American Chemical Society, 115, 10714-10721. 
Rogers, E., Lazarus, D. (1963). Coulomb's law and Coulomb's force constant. American 
Journal of Physics, 31, 736-737. 
Ron, H, Matlis, S., Rubinstein, I. (1998). Self-assembled monolayers on oxidized 
metals. 2. Gold surface oxidative pretreatment, monolayer properties, and depression 
formation. Langmuir, 14, 1116-1121. 
Ruan, C.-Y., Yang, D.-S., Zewail, A.H (2004). Structures and dynamics of self-
assembled surface monolayers observed by ultrafast electron ctystallography. Journal of 
the American Chemical Society, 126, 12797-12799. 
Sader, IE. (1995). Parallel beam approximation for V-shaped atomic-force microscope 
cantilevers. Review of Scientific Instruments, 66, 4583-4587. 
55 
Chapter 1: General introduction 
Sader, IE. (2002). Calibration of atomic force microscope cantilevers. In: Encyclopedia 
o/Suiface and Colloid Science. Hubbard, A Dekker, New York. pp. 846-856. 
Sader, IE., Chon, IW.M., Mulvaney, P. (1999). Calibration of rectangular atomic force 
microscope cantilevers. Review o/Scientific Instruments, 70, 3967-3969. 
Sader, IE., Larson, I., Mulvaney, P., White, L.R. (1995). Method for the calibration of 
atomic-force microscope cantilevers. Review o/Scientific Instruments, 66, 3789-3798. 
Salerno, M., Bykov, V. (2006). Tutorial: mapping adhesion forces and calculating 
elasticity in c~)lltact-mode AFM. Microscopy and Analysis. Chichester, John Wiley & 
Sons, Ltd Wiley. 20, S5-S8. 
Schoenfisch, M.H., Pemberton, IE. (1998). Air stability of alkanethiol self-assembled 
monolayers on silver and gold surfaces. Journal 0/ the American Chemical SOCiety, 120, 
4502-4513. 
Schreiber, F. (2000). Structure and growth of self-assembling monolayers. Progress in 
Suiface Science, 65, 151-256. 
Senden, T.I, Ducker, W.A (1994). Experimental determination of spring constants in 
atomic force microscopy. Langmuir, 10, 1003-1004. 
Shao, Z., Mou, I, Czajkowsky, D.M., Yang, I, Yuan, IY. (1996). Biological atomic 
force microscopy: what is achieved and what is needed. Advances in Physics, 45, 1-86. 
Singh, R.P., Way, ID., Dec, S.F. (2005). Silane modified inorganic membranes: effects 
of silane surface structure. Journalo/Membrane Science, 259,34-46. 
Sinniah, S., Steel, A, Miller, c., Reutt-Robey, I (1996). Solvent exclusion and 
chemical contrast in scanning force microscopy. Journal 0/ the American Chemical 
Society, 118, 8925-8931. 
Smith, D. (1968). Polymer Structures and Polymerisation Techniques. Addition 
Polymers: Formation and Characterisation. Smith D. Butterworth and Co., London. 
56 
Chapter I: General introduotion 
Smith, D.A., Coonel, S.D., Robinson, c., Kirkham, 1. (2003). Chemical force 
microscopy: applications in surface characterisation of natural hydroxyapatite. 
Analytica Chimica Acta, 479, 39-58. 
Smith, 1.R, Campbell, S.A., Mills, GA. (1997). An overview to scanning probe 
microscopy. Education in Chemistry, 34, 107-111. 
Smith, RK., Lewis, P.A., Weiss, P.S. (2004). Patterning self-assembled monolayers. 
Progress in Surface Science, 75, 1-68. 
Snyder, RG, Strauss, HL., Elliger, c.A. (1982). C-H stretching modes and the 
structure of n-alkyl chains. 1. Long, disordered chains. Journal of Physical Chemistry, 
86,5145-5150. 
Srinivasan, u., Houston, M.R, Howe, R T., Maboudian, R (1998). 
Alkyltrichlorosilane-based self-assembled monolayer films for stiction reduction in 
silicon micromachines. Journal of Micro electromechanical Systems, 7, 252-260. 
Stevens, M. (1990). Polymer Chemistry: An Introduction. Second Edition. Oxford 
University Press, Oxford 
Stone, M., NeveU, T. G, Tsibouklis, 1. (1998). Surface energy characteristics of 
poly(perfluoroactylate) film structures. Materials Letters, 37, 102-105 .. 
Strong, L., Whitesides, GM (1988). Structures of self-assembled monolayer films of 
organosulfur compounds adsorbed on gold single ctystals: electron diffraction studies. 
Langmuir, 4, 546-558. 
Tarlov, M.l., Newman, l.G (1992). Static secondaty ion mass-spectrometty of self-
assembled alkanethiol monolayers on gold. Langmuir, 8, 1398-1405. 
Tegoulia, v.A., Cooper, S.L. (2004). Staphylococcus aureus adhesion to self-assembled 
monolayers: effect of surface chemistty and fibrinogen presence. Colloids and Surfaces 
B: Biointerfaces, 24, 217-228. 
57 
Chapter 1: Gcnem1 introduction 
Tillman, N., Ulman, A, Schildkraut, J.S., Penner, T.L. (1988). Incorporation of 
phenoxy groups in self-assembled monolayers of trichlorosilane derivatives. Effects on 
film thickness, wettability, and molecular orientation. Journal of the American 
Chemical Society, 110,6136-6144. 
Toworfe, o.K., Composto, R.J., Shapiro, 1M., Ducheyne, P. (2006). Nucleation and 
growth of calcium phosphate on amine carboxyl and hydroxyl-silane self assembled 
monolayers. Biomaterials, 23, 631-642. 
Troughton, E.B., Bain, e.D., Whitesides, o.M., Nuzzo, R.o., AHara, D.L., Porter, MD. 
(1988). Monolayer films prepared by the spontaneous self-assembly of symmetrical and 
unsymmetrical dialkyl sulfides from solution onto gold substrates: structure, properties, 
and reactivity of constituent functional groups. Langmuir, 4, 365-385. 
Ulman, A (1991). An Introduction to Ultrathin OrganiC Films: From Langmuir-
Blodgett to Self-Assembly. Academic Press, N ew York. 
Ulman, A. (1996). Formation and structure of self-assembled monolayers. Chemical 
Reviews, 96, 1533-1554. 
Van der Vegte, E.W., Hadziioannou, G. (1997). Scanning force microscopy with 
chemical specificity: an extensive study of chemically specific tip-surface interactions 
and the chemical imaging of surface functional groups. Langmuir, 13, 4357-4368. 
Van der Waals, J.D. (1910). The equation of state for gases and liquids. Nobel Lecture, 
254-265. 
Vansteenkiste, S.O:, Davies, M.e., Roberts, C.l, Tendler, S.lB. (1998). Scanning 
probe microscopy of biomedical interfaces. Progress in Surface Science, 57, 95-136. 
Vezenov, D.V., Noy, A, Lieber, Ch.M, Drzal, L.T., Schreiber, H.P. (1997). Chemical 
and solvent effects in adhesion probed by chemical force microscopy. Proceedings of 
the 20th Annual Meeting of Adhesion Society, 23-25. 
58 
Chapter 1: General introduction 
Warszynski, P., Papastavrou, G., Wantke, K., Mohwald, H. (2003). Interpretation of 
adhesion force between self-assembled monolayers measured by chemical force 
microscopy. Colloids and Suifaces A: Physicochemical and Engineering Aspects, 214, 
61-75. 
Wasserman, RS., Tao, YT., Whitesides, G.M. (1989). Structure and reactivity of 
alkylsiloxane monolayers formed by reaction of alkyltrichlorosilanes on silicon 
substrates. Langmuir, 5, 1074-1087. 
Whitesides, G.M., Laibinis, P.E. (1990). Wet chemical approaches to the 
characterization of organic surfaces: self-assembled monolayers, wetting and the 
physical-organic chemistry of the solid-liquid interface. Langmuir, 6,87-96. 
Whitesides, G.M, Laibinis, P. E. (1990). Wet chemical approaches to the 
characterization of organic-surfaces-self-assembled monolayers, wetting, and the 
physical organic-chemistry of the solid liquid interface. Langmuir, 6, 87-96. 
Willey, T.M., Vance, A.L., van Buuren, T., Bostedt, c., Terminello, L.J., Fadley, C.S. 
(2005). Rapid degradation of alkanethiol-based self-assembled monolayers on gold in 
ambient laboratory conditions. Suiface Science, 576, 188-196. 
Xinghua, S., Zhao, YP. (2005). Comparison ofvarius adhesion contact theories and the 
influence of dimensionless load parameter. In: Atomic Force Microscopy in Adhesion 
Studies. Drelich, J., Mittal, K.L. VSP, Leiben-Boston. pp. 61-74. 
Yang, Yc., Chang, T.Y, Lee, YL. (2007). Absorption behavior of ll-mercapto-l-
undecanol on Au(lll) electrode in an electrochemical system. Journal of Physical 
Chemistry C, 111,4014-4020. 
Zhang, J.F., Ebbens, S., Chen, X, Jin, Z., Luk, S., Madden, c., Patel, N., Roberts, c.J. 
(2006). Determination of the surface free energy of crystalline and amorphous lactose 
by atomic force microscopy adhesion measurement. Pharmaceutical Research, 23, 401-
407. 
59 
Chapter 1: General introduction 
Zhao, x., Kopelman, R (1996). Mechanism of organosilane self-assembled monolayer 
formation on silica studied by second-harmonic generation. Journal of Physical 
Chemistry, 100, 11014-11018. 
Zhong, c., Brush, RC., Anderegg, 1., Porter, M.D. (1999). Organosulfur monolayers at 
gold surfaces: reexamination of the case for sulfide adsorption and implications to the 
formation of mono layers from thiols and disulfides. Langmuir, 15,518-524. 
Zisman, W.A. (1964). Relation of the Equilibrium Contact Angle to Liquid and Solid 
Constitution. In: Contact Angle, Wettability, and Adhesion. Gould, RF. American 
Chemical Socjety, Washington, D.C. Advances in Chemistry Series 43, pp. 1-51. 
60 
Chapter 2: Self-assembled structures of alkanethiols 00 gold-coated cantilever tips and substrates for atomic force microscopy: 
molecular organisatioo and conditions for reproducible deposition 
CHAPTER TWO 
SELF-ASSEMBLED STRUCTURES OF ALKANETHIOLS ON 
GOLD-COATED CANTILEVER TIPS AND SUBSTRATES FOR 
ATOMIC FORCE MICROSCOPY: MOLECULAR 
ORGANISATION AND CONDITIONS FOR REPRODUCIBLE 
DEPOSITION 
2.1 Summary 
Measurements of surface-liquid interactions (contact angle goniometry) and tip-surface 
adhesion forces (atomic force microscopy) combined with infrared spectroscopic 
studies have been used to investigate the surface-preparation and solution-deposition 
conditions for the reproducible formation of self-assembled molecular structures on 
gold-coated tips and substrates for atomic force microscopy. Gold Surface Cleaning 
Solution (thiourea 1 % (w/v) + concentrated sulphuric acid 10 % (v/v), in water) and 
Piranha Solution (3 : 1 concentrated sulphuric acid, 33 % (v/v) : 30 % aqueous 
hydrogen peroxide) are both effective in removing adsorbed material, including self-
assembled monolayers, to produce clean gold substrates. Preliminary data show that 
surface-saturated self-assembled monolayers form reproducibly on prolonged (> 16 h) 
exposure of gold-coated glass substrates to ethanolic solutions of m-functionalised 
alkanethiols in the concentration range 80 - 160 mmol dm-3. The data also show that 
exposure for 16 h to alkanethiol concentrations in the range 160 - 240 mmol dm-3 
promote bilayer formation whereas concentrations of 240 - 320 mmol dm-3 cause the 
deposition of multilayers, the average orientation of which is parallel to that of the first 
molecular layer; the use of parent l-undecanethiol solutions at concentrations of 1 - 80 
mmol dm-3 results in incomplete monolayer coverage. 
2.2 Introduction 
The molecular-level repeating geometric symmetry of alkanethiol-on-gold self-
assembled monolayers (Bain et al, 1989; Jonas et af., 2002; Niklewski et al, 2004; Jing 
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and Rowntree, 2007) renders such structures ideal model systems for the study of 
adhesion processes (Ulman, 1996). The successful deposition of a1kanethiol SAMs 
requires the gold substrates to be freshly cleaned by, for example, annealing in a 
hydrogen-oxygen flame (Campifia et al., 2008), or by exposure to ultraviolet (UV) / 
ozone (Vig and Lebus, 1976; Schoenenberger et aI., 1994; Ishida et al., 1997; Ron et 
al., 1998; Dou et al., 2006), or by treatment with Piranha Solution (concentrated 
sulphuric acid 33 % (v/v) + 30 % aqueous hydrogen peroxide) (Duwez et al., 2001; 
Meng-Yen and Jui-Che, 2001; Ahn et al., 2003; Morales-Cruz et al., 2005; Kang and 
Rowntree, 2007). Since substrates may be damaged by aggressive cleaning procedures, 
it is desirable to test the efficacy of a commercial Gold Surface Cleaning Solution 
containing acidified thiourea (a lixiviant) (parker and Hope, 2008), both for initial 
surface treatment and for removing SAMs from gold substrates or from SAM-
functionalised probe tips for atomic force microscopy (AFM). 
For the deposition of a monolayer, the cleaned substrate is immersed in an ethanolic 
solution of the thiol, rinsed (ethanol), dried (nitrogen) and used immediately (Ulman, 
1996). Concentrations of 0.1 - 10 mmol dm-3 have been used and exposure/immersion 
times have ranged from a few minutes to many hours (Whitesides and Laibinis, 1990; 
Dimilla et al., 1994; Kim et al., 1997; Amirfazli et al., 1998; Graupe et al., 1999; Okabe 
et aI., 2000; Meng-Yen and Jui-Che, 2001; Awada et aI., 2005; Morales-Cruz et al., 
2005; Berron and Jennings, 2006; Tlili et al., 2007). As characterised by contact-angle 
goniometry (CAG), adsorption of a1kanethiols from dilute solution onto Au(111) 
surfaces occurs via a two-step sequence (Bain et aI., 1989). A concentration-dependent 
diffusion-controlled monolayer adsorption (contact angles reached close-to-limiting 
values over 1 min at 1 mmol dm-3 or 100 min at 1 J.lmol dm-3) is followed by a slower 
process in which alkyl chains become more ordered (Bain et aI., 1989). 
Owing to the need to use the same gold-coated cantilever tips and substrates for certain 
types of atomic force microscopy measurement that demand sequential 
functionalisation, self-assembled molecular structures of w-terminal -OIl, -C02H, -CH3 
and -CF3 have been formed on gold-coated glass substrates and on AFM cantilever tips. 
CAG (Neumann and Good, 1979), AFM (Binnig et aI., 1986) and infrared (IR) 
spectroscopic investigations have been used to characterise the films, to assess their 
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homogeneity and to examine the conditions for the formation of multiply layered 
molecular structures. 
2.3 Materials and methods 
2.3.1 Surface preparation 
Gold substrates were formed by cutting gold-coated glass nncroscope slides 
(Au.l000.ALSI, gold thickness 100 nm; Platypus Technologies, Madison, WI, USA) 
into sections 1.25 cm x 1.25 cm. AFM cantilevers, coated with an adhesion layer of 
chromium (15 nm) overlaid with gold (60 nm), were supplied by Veeco Instruments 
SAS, Dourdail, France. Substrates and tips were cleaned individually, using either 
Piranha Solution (3:1 concentrated sulphuric acid, 33 % (v/v) : 30 % hydrogen 
peroxide) (Duwez et aI., 2001) or Gold Surface Cleaning Solution (thiourea 1 % (w/v) 
in 10 % aqueous sulphuric acid; Sigma-Aldrich, Poole, UK) (parker and Hope, 2008). 
Immersion times were, for substrates, 1 h in Gold Surface Cleaning Solution or 15 min 
in Piranha Solution, and for tips, 5 min in either solution. Cleaned substrates and tips 
were rinsed (water, Millipore, 16.5 MQ cm) and dried (nitrogen). 
2.3.2 Formation of self-assembled monolayers and of multilayers 
Organised molecular layers were deposited from ethanolic solutions (1 mmol dm-3) of 
thiols l-undecanethiol (98%; referred to here as 'CH3-terminated'), ll-mercapto-l-
undecanol (97 %, 'OH-terminated') and ll-mercaptoundecanoic acid (95 %, 'COzH-
terminated') from Sigma Aldrich, Poole, UK, and 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-
heptadecafluoro-l-decanethiol (,CF3-terminated', > 99 %) from Fluka, Poole, UK. 
Immediately after preparation / cleaning, each gold substrate or AFM probe was 
immersed in thiol solution (1 - 32 h), rinsed (ethanol), dried (nitrogen) and placed in a 
closed polythene 'box for storage. Surface measurements (CAG, AFM) were 
commenced ca. 1 h after deposition. 
2.3.3 Contact angle and surface energies 
To probe liquid-surface interactions at maximal resolution, contact angles (8 at 20 °C) 
of small drops (x 4 on each substrate) of diiodomethane ('DIM', > 99 %, surface 
tension 11 = 48.7 mN mol at 18.8 °C, lit. (Kaye and Laby, 1992) = 50.76 mN mol at 20 
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°C; ca. 1 ,....L) and 1,2-ethanediol (ethylene glycol, 'EG', > 99 %; 11 = 47.7 mN m- I at 
18.8 °C, lit. (Kaye and Laby, 1992) = 48.40 mN m-I at 20 °C; ca. 1 ,....L), Sigma-Aldrich, 
Poole, UK, and water ('FW', filtered, 11 = 73.4 mN m-I at 18.8 °C, lit. (Kaye and Laby, 
1992) = 73.05 mN m-I at 18.0 °C; ca. 2 J.I.L) placed on horizontal substrates (x 2) were 
measured using a goniometer with an enclosed thermostated cell (Kross GI0, Hamburg, 
Germany). Advancing (OA) and receding (OR) angles (± 0.1 0; with syringe needle 
removed to enable curve fitting of drop-shape image) were obtained for both 'left' and 
'right' contact angles at 20 - 30 s after placement of the drop (Adamson and Gast, 
1997). Surface energies of substrates (n) were calculated from the contact angles and 
the interfacial energies (11) of the three probe liquids from Equations 2.1, 2.2 (Zisman, 
, 
1964; Long et aI., 2005) using a Visual Basic program (University of Portsmouth; 
Appendix, Figure A.l). 
(2.1a) 
LW AB LW L+ _ )0.5 rl = rl + rl = rl + 2VI rl (2.1b) 
(1 e) - 2rLLW LW)O.5 f .. + - )0.5 f .. - + )0.5] rl + cos - lV's rl +vsrl +vsrl (2.2) 
where superscripts denote components of surface energy: Lifshitz-van der Waals LW, 
acid-base AB, Lewis acid r and Lewis base y. (In rnJ m-2, FW: 
,,:-W = 21.8, "t =,,; = 25.5; DIM: ,,:-w = 50.8, ,,: =,,; = O;EG: 
,,{W =29, "t =1.92, ,,; =47) (Janczuketal., 1999). 
2.3.4 Fourier-transform infrared spectrometry 
IR experiments were performed using a Nicolet 6700 FTIR spectrometer coupled to a 
Nicolet Centaur,....s FTIR microscope (ThermoScientific, Madison, USA) with 
transmission, reflection and attenuated total reflectance (ATR) capabilities. The 
microscope was equipped with a camera, which provided a 20 f..lffi x 20 f..lffi optical 
image. Spectra (4000 - 650 cm-I ; 128 interferograms, 4 cm-I resolution) were recorded 
in left /-lscope reflection mode (%R) using a single element mercury cadmium telluride 
(MCT/A) detector. Spectra (n = 2, three different areas in each surface) were recorded-
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immediately after rinsing (ethanol) and drying (nitrogen) - following the withdrawal of 
each gold-coated glass substrate from the solution of the precursor thiol; gold-coated 
tips were not examined. 
2.3.5 Atomic force microscopy 
A MultiMode/NanoScope IV Scanning Probe Microscope (Digital Instruments, Santa 
Barbara, CA, USA; Veeco software Version 6.11rl) was used for AFM measurements in 
air (temperature 24 °C, relative humidity 33 %). The 'C' and '0' V-shaped cantilevers 
('NPG'; nominal length (/"om) = 115 I-1m and 1961-1m, width (w"om) = 17 J..lm and 23 J..lm, 
resonant frequency (v,,_) = 56 kHz and 18 kHz, spring constant (k,,_) = 0.32 N m-I 
and 0.06 N m"\ Veeco Instruments SAS) and the J-scanner (maximum xyz-translation = 
200 x 200 x 16 J..lm3) were used. The tip radius (R) for each AFM tip was determined by 
scanning, in contact mode (scan size 4 J..lm, scan rate l.03 Hz), an etched silicon surface 
that possessed features that were sharper than R (TGT01, Figure 1.10; MikroMasch, 
San Jose, CA, USA). The radius of curvature was determined by drawing a line-profile 
across a tip artefact and exporting the height versus width data into a Visual Basic 
program (University of Portsmouth; Appendix, Figure A.2) that allowed the manual 
fitting of a circle to the tip shape. The laser alignment was not altered during 
measurements (deflection sensitivity 54 ± 6 nm VI). Arrays (lOx 10) of force curves 
(lateral separation, 100 ± 5 nm; ramp size, 800 nm; scan rate, 1.03 Hz) were obtained 
from three different areas (1000 nm x 1000 nm, separated by 1000 nm) on each surface 
(Figure 2.1). Duplicate measurements were obtained using freshly prepared SAMs. 
.. 
lOO± 5 nm 
®®®®®®®® 
®®®®®®®®®® 
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Figure 2.1 Schematic representation of the arrangement for the acquisition of force 
measurements from each surface. 
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A Visual Basic program (University of Portsmouth; Appendix, Figure A.3) was used to 
evaluate the force of adhesion (Fad) corresponding to each force curves (Figure 2.2). For 
ForceVolume® imaging in air, arrays of 64 x 64 force curves (64 points) were obtained 
using a 'C' NPG cantilever and were analysed using Veeco software (Versions 5.12r4 
and 7.10, respectively). 
Distance / nm 
0 100 200 300 400 500 600 700 800 
0 
-50 
-100 
e 
t:: 
___ -150 
t:: 
0 
. .g -200 
Q) 
~ o -250 
-300 
-350 
-400 
Figure 2.2 Typical examples of force-distance curves characterising the interaction 
between C02H-functionalised AFM tips and C02H-terrninated SAMs; over 95% of the 
curves were of type (a). 
For evaluating the cantilever force constant k, available procedures include the use of 
dimensional models (Equations 2.3a-b (Young and Budynas, 1989; Albrecht et ai. , 
1990), Equations 2.3c-2.3e (Albrecht et a/., 1990; Sader and White, 1993; Sader et a/., 
1995), and Equations 2.4a-b (Cleveland et ai. , 1993; Sader, 1995; Clifford and Seah, 
2005b) and dynamic deflection techniques, namely Cleveland' s method (Cleveland et 
aI. , 1993), the thermal noise method (Hutter and Bechhoefer, 1993) and measurement of 
resonant frequency in air (Sader et a/., 1999). 
Ewt 3 k = - 3- (beam cantilever) 
41 
Ewt 3 k = w (V-shaped cantilever) 
(2.3a) 
(2.3b) 
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Ewt3 ( b2 )-2 k = 2i3 1 + 4L2 (V-shaped cantilever) (2.3c) 
Ewt3 ( 4W3)-1 k = 2i3 1 + b3 (V-shaped cantilever) (2.3d) 
Ewt3 4w3 
( )
-1 
k = 2i3 cos t/J 1 + b3 (3 cos t/J - 2) (V-shaped cantilever) (2.3e) 
t;:\3 2n3w Lv" p) . k ~ ~, (beam cantIlever) (2.4a) 
(2.4b) 
(Silicon nitride cantilevers: length I, width w, thickness t; V-shape probe width band 
opening angle 2 IJI (Figure 2.3); resonant frequency in air v; density p = 3000 kg m-3, 
Young's modulus E = 175 GPa (Hazel and Tsukruk, 1999); normalised effective mass 
Me = 0.163 (Clifford and Seah, 2005b). 
I 
w 
.. .. 
b 
.. 
Figure 2.3 V-shaped AFM cantilever: length I, width w, probe base width b, opening 
angle 2". 
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Cleveland's dynamic deflection method, where a microsphere is attached to the end of a 
cantilever and the change in resonant frequency is measured, may result in damage to 
the tip and hence is not the method of choice. The thermal noise method is only suited 
to beam-shaped cantilevers, although the employment of a correction factor has been 
suggested for V-shaped cantilevers (Ralston et al., 2005). For many AFM instruments, 
however, additional circuitry is required and the accuracy in measuring k is not 
improved greatly compared with other techniques (15 - 20 %) (Clifford and Seah, 
2005a). Alternatively, k may be determined by using the AFM to push the cantilever 
against a reference cantilever (k,q) and against a hard surface (silicon), measuring the 
deflection sensitivities (gradient of the force-distance curve) S,ef and Slrard (Equation 
2.5) (Hutter and Bechhoefer, 1993; Eve et aI., 2002; Jing et al., 2007). The relative 
merits of these techniques have been reviewed by Clifford & Seah (Clifford and Seah, 
2005b). 
k = k (Sref - 1) 
ref Shard (2.5) 
In comparing here these methods of determining k, cantilever dimensions were 
measured by light microscopy (I and w; Olympus lX71 inverted microscope) and by 
scanning electron microscopy (t, 1 and w; mOL JSM-6060LV, 10 and 25 kV, spot size 
35 ~m, working distance 12 - 14 mm). The reference cantilever was supplied by Veeco 
Instruments SAS (Wafer: FC007 Box 31; Model no. CLCF-NOBO; part no. 00-103-
0994; I"om = 100 ~m, W"om = 13 ~m, k,ef= 0.188 N mol). 
2.4 Results and discussion 
2.4.1 Spring constant determinations 
Comparisons of k derived from dimensional models that use t (Equations 2.3b-e) show 
that Equation 2.3b, the expression that does not require the determination of b or VI, 
yields values with a narrow distribution and which are in very close agreement with 
both those from Equations 2.3c-e and the nominal values reported by the manufacturer 
(Table 2.1a). Hence, Equation 2.3b was selected as that which is representative of the 
dimensional-model approach, and data were compared with results from the 
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dimensional-frequency method Equation 2.4b and from the reference-cantilever 
technique Equation 2.5. The use of Equation 2.4b was deemed inappropriate since it 
yielded k values that were between 5 and 8 times smaller than k"om. Similarly, the 
reference cantilever method (Equation 2.5) was not adopted since for short cantilevers it 
yielded a range of k values that was broader than that obtained using Equation 2.3b, and 
k determinations for long cantilevers were found to be associated with a very large 
standard error. For short gold-coated cantilevers with adsorbed SAMs, respective mean 
percentage errors in k as calculated from Equations 2.3b, 2.4b or 2.5 were 9 %, 89 % 
and 15 %; corresponding values for long cantilevers were 27 %,81 % and 129 % (Table 
2.1b-c). 
Table 2.1 Physical properties of cantilevers used to determine k and hence F ad: (a) 
measurements for obtaining k using dimensional models (Figure 2.3), SI-S2 short-thin 
cantilevers (/,,_ = 115 ± 15 J,1m, W"om = 17 ± 4 Jlffi; v"om = 56 ± 18 kHz; k"om = 0.32 N 
mol), LI-L2 long-thin cantilevers (/,,_ = 196 ± 16 J,1m, W"om = 23 ± 5 J,1m, v"om = 18 ± 6 
kHz; both silicon nitride, without SAM: t"om = 0.6 ± 0.2 J,1m, R"om = 70 ± 20 nm; k"om = 
0.06 N mol); (b) comparison of Equation 2.3b with dynamic deflection methods of 
obtaining k (short-thin cantilevers, with SAMs); (c) as b (long-thin cantilevers, with 
SAMs). 
(a) 
klNm- i 
Tip IIllm wlJl.ffi b1llm wlb t1llm 2,,1 0 Eq. Eq. Eq. Eq. 
2.3b 2.3c 2.3d 2.3e 
SD ±0.1 ±0.1 ± 0.1 ±0.1 ±0.02 ± 0.1 
SI 98.2 17.8 105.2 0.17 0.59 53.7 0.34 0.20 0.33 0.31 
S2 93.4 17.6 99.6 0.18 0.57 53.1 0.35 0.21 0.34 0.32 
Ll 186.8 24.9 194.1 0.13 0.56 53.0 0.06 0.04 0.06 0.05 
L2 175.4 23.9 182.6 0.13 0.59 53.2 0.08 0.05 0.08 0.07 
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(b) 
Tip 
Rlnm l/JIDl wi JIDl t I JIDl v 1kHz 
S",I Sluudl 
klNm-1 
ISAM nmV-1 nmyl 
Eq.2.3b Eq.2.4b Eq.2.5 
SD ±1 ±0.1 ±0.1 ±0.02 ±0.5 ±2 ±0.5 ±0.004 ±0.006 ±0.003 
S3 79 117.4 17.8 0.68 43.3 149 57.0 0.303 0.042 0.297 
S4 72 118.8 18.5 0.63 43.0 166 53.8 0.241 0.032 0.392 
S5 64 119.5 20.6 0.57 43.2 124 58.9 0.196 0.037 0.208 
S6 65 113.3 17.2 0.69 43.4 124 55.4 0.340 0.027 0.233 
S7 72, 120.1 17.2 0.68 43.0 112 49.5 0.273 0.031 0.237 
S88 54 106.4 18.5 0.62 48.5 143 50.0 0.320 0.034 0.350 
S98 51 98.2 17.8 0.61 53.5 106 51.7 0.373 0.034 0.197 
(c) 
Tip S,ql Sluudl 
klNm-1 Rlnm l/JIDl wi JIDl t I JIDl v 1kHz 
ISAM nmV-1 nmV-1 
Eq.2.3b Eq.2.4b Eq.2.5 
SD ±1 ± 0.1 ±0.1 ±0.02 ±0.5 ±2 ±0.5 ±0.004 ±0.OO6 ±0.003 
L3 66 195.0 25.4 0.64 15.6 152 90.0 0.079 0.010 0.130 
L4 60 195.7 26.8 0.62 15.6 190 83.5 0.075 0.011 0.240 
L5 68 197.0 25.4 0.69 15.7 165 77.7 0.095 0.011 0.211 
L6 50 195.7 26.8 0.63 15.6 81 74.3 0.078 0.011 0.017 
L7 57 201.8 26.8 0.62 15.7 166 83.2 0.068 0.012 0.187 
L88 47 188.8 24.0 0.55 17.4 154 86.6 0.052 0.012 0.146 
L~ 63 175.1 25.4 0.59 18.9 102 88.3 0.085 0.013 0.029 
8Probe type, NP (silicon nitride, not gold-coated; Veeco Instruments SAS, Dourdan, France), 
R"om = 40 ± 20 nm. 
2.4.2 Oeaning of gold-coated glass substrates 
To assess the capacity of gold-coated surfaces to adsorb thiourea from the Gold Surface 
Cleaning Solution, Fad measurements were carried out (AFM tip 'as received' by the 
manufacturer; tip S3, Table 2.1b) before and after cleaning with each of the solutions 
used (Table 2.2). The after-cleaning values were found to be in very close agreement (t 
= 0.1699, P = 0.8807), indicating that thiourea is not adsorbed onto the gold surface. 
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Further confirmation was provided by IR spectroscopy: cleaned gold surfaces did not 
exhibit any infrared bands that could be attributed to thiourea 
Table 2.2 Force of adhesion (Filii) measurements, in air, between a gold-coated AFM tip 
and gold-coated glass surfaces cleaned with Gold Surface Cleaning Solution and 
Piranha Solution (n = 2). 
Au-coated glass surface 
Before cleaning 
After cleaning 
Fad/ nN 
Gold Surface Cleaning 
Solution 
50±2 
IS.3 ± 0.5 
Piranha Solution 
51 ±3 
IS.2±0.2 
To investigate the capability of the Gold Surface Cleaning Solution to remove SAMs 
from gold-coated AFM tips, Filii measurements were recorded for interactions of 'as 
received' and of cleaned gold-coated AFM tips (S3 and S7; Table 2.lb) with cleaned 
gold-coated substrates. Rationalised by the need to maintain chemical specificity (Sedin 
and RowIen, 2000), these experiments were conducted in air despite the implications 
associated with possible influences from capillary forces (Cappella et al, 1997). With 
an 'as received' tip (S7) Filii was 56 ± 1 nN whereas after cleaning this was 24.8 ± 0.3 
nN. Following tip functionalisation with the perfluoroalkylthiol ([CF3-terminated] = 1 
mol dm-3 in EtOH, 16 h), corresponding Filii values increased to 83.8 ± 0.1 nN. On 
subsequent cleaning of the functionalised tip (5 min) the Filii values returned to 24.6 ± 
0.5 nN. Corresponding experiments involving the use of Piranha Solution (Hinterdorfer 
et aI., 2002; Yu and Ivanisevic, 2004; Gu et al., 2005; Sirghi et al., 2006) for tip 
cleaning yielded Filii values of 53.3 ± 0.8 nN before cleaning and of 32.9 ± 0.3 nN after 
cleaning. Used for imaging, tips cleaned with Piranha Solution were found to be more 
likely to produce 'double-tip effects' than those cleaned with Gold Surface Cleaning 
Solution. 
The capacities of Gold Surface Cleaning Solution and of Piranha Solution to remove 
surface contamination and to wash SAMs from gold-coated surfaces were investigated 
by CAG. Advancing contact angles (OA) of surfaces cleaned with either agent before or 
after the deposition of a CF3-terminated SAM were similar. For surfaces cleaned with 
Piranha Solution or with Gold Surface Cleaning Solution respective initial (JA values of 
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88 ± 4 0 and 87 ± 2 0 were seen to increase post-deposition of the CF3-tenninated SAM 
to 119 ± 2 0 and to 115 ± 2 0, Table 2.3. Significantly, exposure of the SAM-
functionalised surfaces to either cleaning solution restored OA to the corresponding pre-
functionalisation value (86 ± 2 0 and 89 ± 4 0 for surfaces cleaned with Piranha Solution 
and with Gold Surface Cleaning Solution, respectively; t = 1.2761, P = 0.2710). Thus, 
both Gold Surface Cleaning Solution and Piranha Solution are deemed suitable for the 
removal of SAMs from surfaces. It was found that either cleaning technique could be 
used to regenerate gold-coated glass surfaces for up to five times before the gold 
became detached from the underlying substrate or the surface became discoloured. 
Table 2.3 Advancing contact angles, OA, of gold-coated surfaces before and after 
cleaning. 
DAl o 
Au coated glass surface 
Piranha Solution Gold Surface Cleaning Solution 
Batcha I I II 
Initial c1eaningb 81 ±3 
Initial cleaningC 88 ±4c 87±2f 
Initial c1eaningd 80±2 
CF3 SAMb 106±2 
CF3SAM" 119±3 115±2 
CF3SA~ 112±2 
Cleanedb 81 ±2 
Cleanedc 89±4c 86±2f 
Cleanedd 80±3 
a The variation between the Au DA values is due to the use of different batches of Au; 
batch I, n = 4; batch II, n = 2. 
b Surface used for [CF3-terminated thiol] = 0.1 mmol dm-3. 
C Surface used for [CF3-terminated thiol]] = I mmol dm-3. 
d Surface used for [CF3-terminated thiol]] = 10 mmol dm-3. 
e t = 0.3303, P = 0.7524, not statistically significant (99 % confidence). 
f t = 0.7913, P = 0.4589, not statistically significant (99 % confidence). 
The relationship between thiol concentration and resultant OA was investigated using 
gold-coated glass surfaces that had been functionalised with the CF3-tenninated SAM 
(0.1, 1, 10 mmol dm-3; Table 2.3); differences in OA are attributable to batch variation. 
Consistent with the complete subsequent removal of SAMs, water contact angles for 
functionalised (0.1 mmol dm-3, 16 h) surfaces that had been treated with Gold Surface 
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Cleaning Solution returned to their values prior to coating (Table 2.4). To assess the 
capacity of Gold Surface Cleaning Solution to remove probe liquids from the gold-
coated substrate, water contact angles were determined for cleaned surfaces that had 
been immersed successively in FW, DIM and EG: in all cases, advancing contact angles 
before and after treatments were similar. 
Table 2.4 Water contact angles (OA) on gold-coated glass surfaces following SAM and 
CAG probe liquid removal using Gold Surface Cleaning Solution (n = 1). 
OA /0 
SAM 
OH- C02H- CH3- CF3-
terminated terminated terminated terminated 
Initial cleaning 84±2 81 ±2 82±2 81 ±3 
Cleaning after FW test 84±2 81 ±2 82±2 81 ±2 
Cleaning after DIM test 84± I 81 ±3 82±2 81 ±4 
Cleaning after EG test 84±2 80±2 83±2 81 ±2 
8 Fabricated from [thiol] = 0.1 mmol dm-3. 
To determine the optimum cleaning time, values of OA for water on CF3-terminated 
SAM surfaces (2 mmol dm-3, 16 h) were measured after exposure to the Gold Surface 
Cleaning Solution for specified time periods, and compared with values for similarly 
treated non-functionalised Au control surfaces (Figure 2.4). Within the 5 - 60 min 
timescale, contact angles appeared to be independent of cleaning time (for samples and 
controls, respective OA values were restored to 88 ± 1 0 and to 90 ± 3 0 from pre-
functionalised values of 86 ± 2 0 and 88 ± 1 0) indicating that a 2: 5 min exposure to the 
Gold Surface Cleaning Solution removes this SAM. For CH3-terminated SAMs, 
detachment from the gold-coated glass substrate was assessed by the comparison of the 
reflectance IR spectra of the SAM structures with those obtained following treatment 
(60 min) with either of the two cleaning solutions under investigation: consistent with 
the efficient removal of SAMs, spectra of cleaned surfaces exhibited none of the 
features of l-undecanethiol. 
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Figure 2.4 Advancing water contact angles (tJA) ofCF3-terminated SAM (parent thiol at 
2 mmol elm-3; 16 h, n = 1) grown on gold-coated glass surfaces after exposure to Gold 
Surface Cleaning Solution for specified times: (0) initial cleaning (prior to deposition 
ofCF3-terminated SAM) and (0) after removal ofCF3-terminated SAM. 
2.4.3 Molecular layer formation 
To determine the time required for optimal SAM coverage, 'i' was monitored for gold-
coated surfaces that had been exposed to precursor thiol solutions (1 mmol elm-3) for 
specified time periods ranging from 1 h to 32 h (Table 2.5). For initially clean gold-
coated surfaces without SAMs, the observed time dependence of surface energies 
determined by CAG reflects the progressive adsorption of atmospheric carbonaceous 
contaminants (Smith, 1980). Surface energy values (CAG) for SAMs corresponded with 
expectation on the basis of the chemical nature of the (l)-terminal groups: OH > C02H > 
CH3 > CF3 (Niklewski et al., 2004; Smith et aI., 2004; Jing and Rowntree, 2007). 
Consideration of the tabulated data for the non-hydrophilic SAMs structures (CH3-
terminated and CF3-terminated) emphasises the sensitivity of the SAM-formation 
process to the time of exposure to the thiol solution and highlights the importance of 
prolonged exposure (> 16 h) for the formation of tightly packed SAM structures. 
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Table 2.5 Surface energies (n of SAMs grown on gold-coated glass surfaces from 
alkanethiol solutions for different exposure time periods (n = 2). 
Surface energy (n / mJ m-2 
SAM 
Exposure time / h 
Au OH-terminated C02H-terminated CH3-terminated CF 3-terminated 
1 39±3 46±2 47±3 50±2 25±4 
2 38±2 45 ± 1 50±3 47±3 22±2 
4 44±2 46±2 48±2 40±3 24±1 
8 39±2 36±4 42±4 34± 1 21 ± 1 
16 33±3 44±3 41 ±3 26±2 15±2 
20 44±2 42± 1 35±3 31 ± 1 16± 1 
24 39±3 33 ± 1 30±2 26±3 12 ± 1 
32 38±2 29± 1 34±2 27±2 11 ±2 
Monitored as a function of time of exposure (16 - 24 h) to the parent thiol solution, as 
with goniometry, the Fad values (16 - 20 h) characterising the interaction between a 
gold-coated AFM tip (S3; Table 2.1 b) and each of the SAMs also reflected the nature of 
the t»-terminal group functionality: OH > C02H > CH3 > CF3 (Figure 2.3). After 
exposure for 24 h, however, values of Fad for the CH3-terminated SAMs corresponded 
with those for polar-terminated SAMs while that for the CF3-terminated SAM was 
higher by ca. 30 %. These results may be related to the effects of the capillary water 
columns that may form between the tip and the substrate (Cappella et aI., 1997). 
To investigate the possible impact of parent-thiol concentration on 'Y of resultant 
functionalised surfaces, SAMs were deposited (gold-coated glass, 16 h exposure) from 
corresponding thiol solutions at specified concentrations (Figure 2.4). With the 
exception of the CH3-terminated SAMs, which exhibited an anomalous behaviour at low 
parent-thiol concentrations « 1 mmol dm-3), no such effects could be identified. This 
suggests that the self-assembly process is not concentration-dependent for gold 
substrates that are allowed to interact with the thiol solution over the 16 h timescale. For 
all SAMs under consideration, however, this was contradicted by data from 
ForceVolume® imaging; this procedure allows the assessment of surface homogeneity 
by comparing Fad data from neighbouring points over a specified area of sample. Data 
from SAM structures deposited from 1 mmol dm-3 solution over 16 h and sampled 
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against a Au-coated tip indicated some evidence of heterogeneity, since the standard 
deviations associated with the measurement of Fad values were relatively large: 
corresponding values for SAMs terminated with CH3, CF3, C02H, and OH were 11 ± 1 
nN, 25 ±2 nN, 31 ±2 nN and 33 ± 10 nN. 
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Figure 2.5 Force of adhesion (Fad) values for the interaction between a gold-coated 
AFM tip and each SAM (air~ n = 2) as a function of time of immersion of the gold-
coated glass substrate in the parent thiol solution: 16 h (black), 20 h (white), 24 h 
(grey)~ the same tip was used for all measurements (S3, Table 2.1 b) 
Infrared spectroscopy provided a further means of assessing the anomalous behaviour of 
the CH3-terminated SAM. Reflection-Absorption IR Spectra of CH3-terminated SAMs 
(Figure 2.5) were characterised by the antisymmetric stretch of the terminal CH3 group 
(2958 cm-I ) and by the antisymmetric 2920 cm-I and symmetric 2850 cm-l stretching 
vibrations of the CH2 chain. The weak S-H stretch (2600 - 2500 cm-l for pure 1-
undecanethiol) was not detectable in any of the SAM structures, in accord with the 
deprotonation of the parent thiol molecule on formation of the S-Au bond. Also, SAM 
structures did not display the absorptions associated with the CH2 scissoring band (1458 
em-I), the CH2 bending vibration (1372 em-I), the CH2 wagging mode (1268 cm-\ or 
the alkyl-chain rocking action (718 cm-I) of l-undecanethiol, presumably because of the 
low intensities of these bands relative to those of the alkyl stretches. 
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Figure 2.6 Surface energies (n of SAMs grown on gold-coated glass substrates from 
corresponding alkanethiol solutions (l6 h, n = 1): (0) OH-terminated, (e) COzH-
terminated, (0) CH3-terminated, and (_) CF3-terminated. 
To assess the effect of thiol concentration on the quality of the deposited monolayer 
gold-coated glass substrates were exposed to a series of l-undecanethiol solutions, each 
at a specified concentration in the 0.1 - 320 mmol dm-3. Consistent with the anomalous 
data from surface energy determinations (Figure 2.6), infrared experiments «RAIRS, 
non-polarised light, 86° angle of incidence) on gold-coated glass surfaces exposed for 
16 h to l-undecanethiol at concentrations < 1 mmol dm-3 failed to detect this material at 
the surface, providing further evidence that. the successful formation of this SAM 
requires higher l-undecanethiol concentrations or longer exposure times. Since the area 
occupied by each l-undecanethiol molecule positioned vertical to the surface is 
approximately 27 A2 (Tsibouklis et al., 1993), each 1 cm2 gold-coated substrate may 
accommodate up to ca. 4 x 1014 molecules. Even considering the possibility of some 
thiol adsorption onto glassware, the number of l-undecanethiol molecules that are 
available from 10 cm3 of the 1 mmol dm-3 ethanolic thiol solution (6 x 1018 molecules) 
is sufficient to allow the formation of a complete SAM, suggesting that incubation 
periods necessary for the formation of complete SAMs is related to the dependence of 
the rate of eaCh chemisorption reaction to parent-thiol concentration. 
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Figure 2.7 IR absorption spectra (3000 - 2800 cm-I and 1300 - 700 cm-I ) of CH3-
terminated SAMs grown at specified thiol concentrations ((a), (b), (c), (d), (e), (t), (g), 
(h), (i), (j), (k), (1): Au, 5, 10, 20, 40, 80, 120, 160, 200,240, 280 and 320 mmol dm-3, 
respectively); spectra are offset for clarity. 
Infrared microscopy in reflectance mode (angle of incidence = 45 0 ) showed that the 
intensity of the CH2 and CH3 stretching vibrations of structures deposited from 1-
undecanethiol solutions in the concentration range 1 - 80 mmol dm-3 increases with 
increasing concentration, suggesting incomplete monolayer coverage (Figure 2.7). At 
1-undecanethiol concentrations between 80 mmol dm-3 and 160 mmol dm-3 the intensity 
of the detectable infrared absorption appears to be little influenced by the concentration 
of the parent thiol, consistent with the formation of a swface saturated monolayer. The 
spectra of SAMs deposited at l-undecanethiol concentrations > 160 mrnol dm-3 exhibit 
features that are consistent with multiple layer formation, namely: the antisymmetric 
CH3 stretch (2958 cm-I ) becomes progressively more pronounced; the previously 
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undetected symmetric CH3 stretch emerges at 2905 cm-I ; the emerging SH bending 
mode (863 cm-I ) provides evidence that not all sulphur atoms bond directly onto the 
gold substrate; and a series of new bands appear in the 750 cm-I - 1260 cm-I region 
(CH2 twisting, 1259 cm-I ; CH3 rocking, 1092 cm-I ; C-C stretching, 1016 cm-I ; CH2 
rocking, 796 cm-I ; it is assumed that all these signals are augmented to varying degrees 
as a consequence of the effects of the metal-surface selection rule, which explains the 
amplification of the components of average transition dipole moments that lie 
perpendicular to metallic surfaces). Since for deposition in the 1-undecanethiol 
concentration range of 160 - 240 mmol dm-3 the intensity of these bands does not 
appear to ch~ge noticeably with increasing concentra1ion, it may be assumed that these 
concentrations promote bilayer formation. The marked increase in the intensity of the 
same bands at 1-undecanethiol concentrations of 240 - 320 mmol dm-3 may be 
indicative of multilayer formation. Assuming that the Sp3 carbon chains are organised in 
an extended configuration, the average direction of the chains should be perpendicular 
to the average transition dipole moments of Vs(CH2 ), vas(CH2), ~CH2) and r(CH2) 
(petty et aJ., 1992; Song et al., 1992a; Song et al., 1992b). Since the relative intensities 
of these bands remain unchanged, it may be assumed that the multilayer orientation is 
parallel to that of the first molecular layer. 
2.5 Conclusions 
Both Piranha Solution and Gold Surface Cleaning Solution are effective agents for the 
preparation of clean gold substrates for SAM deposition. Either solution may be used to 
remove environmental contaminants or previously deposited alkanethiol SAMs from 
gold-coated glass surfaces and from gold-coated AFM tips. The fabrication of 
homogeneous self-assembled molecular structures on reused gold-coated AFM tips and 
substrates is sensitive to exposure time to the parent-thiol solution and to its 
concentration. There is considerable evidence to suggest that low concentrations of the 
thiol precursor result in the formation of monolayer structures whereas high 
concentrations promote the formation of multiple layered parallel structures. 
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CHAPTER THREE 
SELF-ASSEMBLED ALKANETHIOL STRUCTURES ON GOLD: A 
FURTHER INSIGHT INTO THE ORIGINS OF STRUCTURAL 
REARRANGEMENT PHENOMENA 
3.1 Summary 
Self-assembled structures of alkanethiols that have been deposited on gold from 
ethanolic solutions are susceptible to both chemical and physical changes: ethanol 
provides a medium for the formation of S-alkyl hydrogen thiocarbonates and related 
compounds via reaction with dissolved, atmospheric, C02. Deposition from ethanolic 
solutions results in multilayered structures incorporating these compounds, which at 
room temperature are susceptible to time-dependent structural rearrangement and 
molecular migration. 
3.2 Introduction 
The formation of self-assembled monolayers (SAMs), particularly those of alkanethiols 
on gold, provides well-defined, ordered surfaces (Ulman, 1996; Kim et al., 2001). 
Under ambient conditions, the physicochemical stability of such structures is 
determined by the relative strengths of the Au-S bond and the van der Waals forces and 
Lewis acidlbase interactions that operate between neighbouring molecules, with the 
implication that SAMs structures are susceptible to thermal and environmental ageing 
(Bain et al., 1989; Han et al., 2004). It has been reported that some alkanethiol SAMs 
detach from the gold surface even within a few hours from deposition (Mani et aI., 
2008). As early as· 1992, Tarlov and Newman used static secondary ion mass 
spectrometry (SSIMS) experiments to demonstrate the susceptibility of SAMs to 
oxidation (Tarlov and Newman, 1992). The oxidative degradation was later attributed to 
reaction with atmospheric ozone (Schoenfisch and Pemberton, 1998). Infrared (IR) 
spectroscopic investigations showed progressive lowering of the intensities of the v(C-
H) bands, which has been interpreted as being indicative of the tilting of the alkyl chain 
away from the surface normal as a result of the progressive oxidation of the sulphur 
moiety (Hom et al., 1996). Other infrared studies, including work involving retlection-
absorption IR spectroscopy (RAIRS), have shown that heating under ultra-high vacuum 
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(UHV) induces increasing disorder in SAMs (Dubois et al., 1990; Bensebaa et al., 
1998), with heating above 100°C resulting in the loss of structural order (Bhatia and 
Garrison, 1997). X-ray photoelectron spectroscopy (XPS) has revealed a discrepancy 
between the calculated and detected values for C~H functionalisation in plasma-
activated surfaces of 3-mercaptopropionic acid SAMs (Zhang et al., 2002). Mixed 
poly(ethylene oxide)-thiol SAMs containing COzH and OH groups are reported to be 
stable for at least 30 days if stored in air or under Nz, but their storage in ethanol has 
been found to result in partial oxidation at the thiol (Jaos et al., 2008). XPS studies have 
shown dodecanethiol SAMs to be stable in water for 24 h (Maccarini et al., 2005). 
As a continuation of the work on the suitability of self-assembled structures as coatings 
for gold-coated AFM cantilevers described in Chapter 2, contact angle goniometry 
.(CAG), atomic force microscopy (AFM), scanning electron microscopy (SEM), and a 
combination of spectroscopic techniques (FTIR, GC-MS, HPLC-MS, NMR and XPS) 
have been used to investigate the stability of self-assembled structures of a range of 
alkanethiols with molecular features which give rise to differences in the strength of 
interactions involving at the Au-S bond and van der Waals and Lewis acid / Lewis base 
forces. 
3.3 Materials and methods 
3.3.1 Surface preparation 
Gold-coated glass microscope slides (Au. 1 OOO.ALSI, Platypus Technologies, Madison, 
Wisconsin, USA, cut to 1.25 cm x 1.25 cm) and gold-coated AFM cantilevers were 
cleaned by immersion in Gold Surface Cleaning Solution (thiourea 1 % (w/v) in 10 % 
aqueous sulphuric acid; Sigma-Aldrich, Poole, UK; 1 h), rinsed with filtered water 
(Millipore, 16.5 MO cm), and dried (nitrogen). 
3.3.2 Formation of self-assembled mono layers 
Unless otherwise stated, organised molecular layers were deposited from ethanolic 
solutions (1 mmol dm-3; absolute EtOH, AR grade, Fisher, Loughborough, UK) of 1-
undecanethiol (98%; referred to here as 'CH3'), II-mercapto-l-undecanol (97 %; 'OH') 
and Il-mercaptoundecanoic acid (95 %; 'COzH') from Sigma-Aldrich, Poole, UK, and 
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3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10,10-heptadecafiuoro-l-decanethiol (> 99 %; 'CF3 ') from 
Fluka, Poole, UK. Immediately after cleaning, each gold substrate was immersed in 
thiol solution (16 h), rinsed (EtOH), dried (nitrogen) and placed in a closed polythene 
box for storage. 
3.3.3 Contact angle and surface energies 
To probe liquid-surface interactions at maximal resolution, contact angles (8 at 20 °C) 
of small drops (x 4 on each substrate) of diiodomethane ('DIM', > 99 %, surface 
tension '!L = 48.7 roN m-I at 18.8 °C, lit. (Kaye and Laby, 1992) = 50.76 roN mol at 20 
°C; ca.l ~L) and 1,2-ethanediol (ethylene glycol, 'EG', > 99 %; '!L = 47.7 roN mol at 
18.8 °C, lit. (Kaye and Laby, 1992) = 48.40 roN mol at 20°C; ca. 1 ~L), Sigma-Aldrich, 
Poole, UK, and water ('FW', filtered, '!L = 73.4 roN mol at 18.8 °C, lit. (Kaye and Laby, 
1992) = 73.05 roN mol at 18.0 °C; ca. 2 ~) placed on horizontal substrates (x 2) were 
measured using a goniometer with an enclosed thermostated cell (Kross GI0, Hamburg, 
Germany). Advancing (OA) and receding (OR) angles (± 0.1 0; with syringe needle 
removed to enable curve fitting of drop-shape image) were obtained for both 'left' and 
'right' contact angles at 20 - 30 s after placement of the drop (Adamson and Gast, 
1997). Surface energies of substrates (X) were calculated from the contact angles and 
the interfacial energies (11) of the three probe liquids from Equations 3.1, 3.2 (Zisman, 
1964; Long et al., 2005) using a Visual Basic program (University of Portsmouth; 
Appendix, Figure A.I). 
= yLW + yAB = yLW + 2' .. +y- )°0 5 rs s S S 'Is s (3.Ia) 
LW AB LW 2' .. + - )005 YI = YI + YI = YI + VI YI (3.Ib) 
( 8) 2fLLW LW)00 5 ,._+ - )°05 ,._- + )0.5] Yl 1+cos = lV's YI +VsYI +VsYI (3.2) 
where superscripts denote components of surface energy: Lifshitz-van der Waals LW, 
acid-base A.B, Lewis acid r and Lewis base y. (In mJ m-2, FW: 
DIM: ytW = 50.8, y: = y; = O;EG: 
ytW = 29, y: = 1.92, y; = 47)(Janczuk et al., 1999). 
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3.3.4 Atomic force microscopy 
AFM experiments were performed using a MultiMode/NanoScope IV Scanning Probe 
Microscope (Digital Instruments, Santa Barbara, CA, USA; Veeco software Version 
6.11 r 1). Force vs. distance plots were obtained using a single gold-coated silicon nitride 
probe (NPG-20 'C' V-shaped cantilever; nominal length (lnom) = 115 J-lm, width (wlJom, 
measured perpendicular to long axis) = 17 J-lm, resonant frequency (Vnom) = 56 kHz, 
spring constant (klJom) = 0.32 N mol; Au thickness = 60 nm on a 15 nm Cr adhesion 
layer; Veeco Instruments SAS, Dourdan, France). The laser alignment was not altered 
during measurements (deflection sensitivity = 60 ± 8 nm Vi). The radius R of the tip 
(76 ± 4 nm) Was determined by scanning, in contact mode (scan size 4 J-lm, scan rate 
1.03 Hz), an etched silicon surface that possessed features that were sharper than R 
(TGTOl, Figure 1.10; MikroMasch, San Jose, CA, USA). The radius of curvature was 
determined by drawing a line-profile across a tip artefact and exporting the height 
versus width data into a Visual Basic program (University of Portsmouth; Appendix, 
Figure A.2) that allowed the manual fitting of a circle to the tip shape. An accurate 
value of k (0.236 ± 0.004 N mol) was obtained from measurements by scanning electron 
microscopy (SEM) (JSM-6060LV, JEOL Ltd, Japan; 10 and 25 keV, 35 J.lffi spotsize, 
working distance 12 - 14 mm) of the thickness t (0.59 ± 0.02 J-lm), length 1(104.0 ± 0.1 
J-lm) and width W (17.2 ± 0.1 J-lm) of the cantilever (Young's modulus E = 175 GPa; 
Equation 3.3) (Albrecht et al., 1990; Hutter and Bechhoefer, 1993). 
(3.3) 
Measurements of the force of adhesion (Filii) between tips ~d SAM-functionalised 
substrates were obtained in air (temperature, T = 22 ± 1°C; relative humidity, RH = 38 
± 2 %). Arrays (10 x 10) of force curves (lateral separation, 100 ± 5 nm; ramp size, 800 
nm; scan rate, 1.03 Hz) were obtained from ten different areas (1000 nm x 1000 nm, 
separated by 1000 nm) on each surface (Figure 2.1) over 21 days period. Duplicate 
measurements were obtained using freshly prepared SAMs that had been formed 
sequentially on the same gold-coated glass substrate. An in-house Visual Basic program 
(University of Portsmouth; Appendix, Figure A.3) was used to evaluate the force of 
adhesion (Filii) corresponding to each force curves (Figure 2.2). 
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3.3.5 Fourier-transform infrared spectroscopy 
IR experiments were performed using a Nicolet 6700 FI1R spectrometer coupled to a 
Nicolet Centaur/-ls FTIR microscope (ThermoScientific, Madison, USA) with 
transmission, reflection and attenuated total reflectance (ATR) capabilities. The 
microscope was equipped with a camera, which provided a 20 J..lm x 20 J..lm optical 
image. Spectra (4000 - 650 cm-!; 128 interferograms, 4 cm-! resolution) were recorded 
in left J..lscope reflection mode (%R) using a single element mercury cadmium telluride 
(MCT/A) detector. Spectra (n = 2, 10 different areas in each surface) of the CH3-
terminated self-assembled structure (16 h, 40 mmol dm-3) were recorded every 7 days 
over a 21 day period. 
3.3.6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectra (XPS) were obtained using a VG Scientific ESCALAB Mk. 
IT spectrometer (Al-Ka 1486.6 eV) at low power (10 kV, 5 rnA = 50 W; to minimise 
sample damage) (Colavita et al., 2002); the take-off angle (between surface and 
analyser lens) was fixed at 60 0. Spectra (x2; the data reported are averaged values), 
recorded within two days from preparation of the self-assembled structure (day 0) and 
again after seven days and after fourteen days for samples that had been stored in the 
instrument chamber (atmospheric pressure), were deconvolved using line-shape 
analysis; atomic percentages were calculated from the peak areas using standard atomic 
sensitivity factors (Wagner et al., 1981). 
3.3.7 Other analytical techniques 
To assess the reactivity of the alkanethiol functionality (nucleophilic) towards 
atmospheric C02 (electrophilic), a solution of l-undecanethiol in ethanol-~ 
(C~C~OD; 40 mmol dm-3) was left in the laboratory for 16 h, under conditions 
similar to those used for the preparation of one of the CH3-terminated self-assembled 
structures, and the sample was examined using a JEOL GSX nuclear magnetic 
resonance (NMR) spectrometer (13C NMR, 100.52 MHz; 6 relative to TMS), gas 
chromatography-mass spectroscopy (GC-MS; Agilent Technologies 7890A GC system 
with 597C VL MSD, Foster City, US; 1 /-lL injection volume, 1.197 mL minot flow rate, 
300 °C injection heater, 50 : 1 split ratio, 9.5016 psi pressure; using Agilent 190915 -
433 column: 325°C: 30 m x 250 /-lm x 0.25 /-lm, In: front SS Inlet He, Out: Vacuum; 
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held at 46 °C for 4 min, then ramped at 3 °C min-I to 76°C, then ramped at 4°C min-I 
to 136°C, then ramped at 6 °C min-I to 260. °C, and held for I min) and high 
performance liquid chromatography-mass spectroscopy (HPLC-MS; HPLC Agilent 
1100 Series LCIMSD, Palo Alto, CA, USA; flow rate 0.5 ilL min-I; stop time 30 min; 
sample volume 15 ilL; mobile phase acetonitrile: ammonium acetate (90 : 10, 10 mmol 
dm-3, isocratic); dual detection diode array (254 nm) and MS (Agilent; electrospray on 
positive and negative polarity; gas temperature 300°C; flow rate 10 L min-I; nebuliser 
pressure 40 psi; capillary voltage 3000 V, positive and negative; scan range 50 - 500 
amu; fragmentor 70 V». In a separate experiment, designed to access the influence of 
the amphoteric reaction medium, a stream of C~ gas was bubbled (30 min) through a 
solution of l-undecanethiol (l0 mg) in CHCh (5 cm3; HPLC grade; Fisher, 
Loughborough, UK; a sample without CO2 treatment served as a control) and the 
sol ution was again examined by NMR.. 
3.4 Results and discussion 
3.4.1 Variation of contact angle with film age 
The advancing contact angles measured within 4 h from the deposition of the self-
assembled structure reflected the chemical composition of each surface, with the CF3-
terminated structures exhibiting the highest (JA and the C02H-terminated surface 
exhibiting the lowest (JA (Figure 3.1). The measurements for small drops « 2 J..tL) were 
consistent with a limited number of observations made using larger droplets with 
expanding or contracting boundaries, and the values of iJA are in agreement with those 
reported in the literature (OH-terminated, 45 ° (Drelich and Chidowska, 2005); C02H-
terminated, 45 ± 2 ° (Anderson and Baltzersen, 2003); CH3-terminated, 102.7 ° 
(pacifico et aI., 2006); CF3-terminated, 110 ° (Graupe et ai., 1999». Measurements 
taken a day later showed that the (JA for CH3-terminated and CF3-terminated self-
assembled structures decreased by about 10 ° but then increased over the next 3 - 4 
days. These changes may be taken to indicate structural rearrangements, in which case 
the pronounced variance in contact angles would reflect spatial variations in the rate of 
surface reorganisation. Self-as~~mbled structures terminated in -OH or -C02H were 
found to exhibit wide fluctuations over the timescale to the experiment: initial (JA values 
of ca. 45 ° were seen to increase over two days to ca. 95°, and then to decrease again 
over the next 2 - 6 days before increasing again. These variations in the contact angles 
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are intetpreted as being indicative of surface rearrangement phenomena. Interestingly. 
storage in air for 16 days resulted in all self-assembled structures exhibiting equivalent 
OA values of ca. 100 0, reflecting either the deposition of a carbonaceous layer, as 
reported elsewhere (Zhang et aI., 2002), or of the projection of the same functional unit 
(most probably the common group, -CHz-) towards the air-surface interface. The trend 
was reflected in the r values determined immediately after deposition and at 36 days 
from formation of the self-assembled structures (Table 3.1). The lower r value 
characterising the CF3-terminated self-assembled structure after 36 days is attributed to 
the -CF2- functionality. 
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Figure 3.1 Advancing contact angles (OA) for drops of water (n = 4) placed on each of 
duplicate SAMs that had been deposited onto gold-coated glass substrates, as 
determined after specified time intervals: (0) OH-terminated, (e) C02H-terminated, 
(D) CH3-terminated, and (_) CF3-terminated. 
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Table 3.1 Time dependence of surface energies (n of self-assembled structures 
deposited onto gold-coated glass surfaces from ethanolic solutions of alkanethiols (n = 
2). 
Surface 
X ImJm-2 
Day 0 Day 36 
OH 41 ±3 43 ± 1 
C~H 40±2 43 ±2 
CH3 24±3 42±2 
CF3 13±2 34±4 
3.4.2 Force of adhesion results 
As with goniometry determinations, AFM force of adhesion measurements between 
gold-coated AFM tips and freshly prepared self-assembled structures reflected the 
functionality of the terminal group (Figure 3.2), with Ftul values reaching a plateau 
within fourteen days. The relatively large variation in F tul is consistent with literature 
reports of other homogeneous surfaces (Eaton et al., 2000). 
60 
50 
40 
~ 
- 30 ;: 
20 
10 
0 Au OH C02H 
Surface 
Figure 3.2 Force of adhesion (F tul) values for the interaction between a gold-coated 
AFM tip and each self-assembled structure (air; n = 2), as determined after specified 
time intervals: day 0 (black, measured within 2 h after removal from thiol solution), day 
7 (white), day 14 (light grey), day 21 (dark grey); gold surface used as a control; same 
gold-coated cantilever used for all measurements. 
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3.4.3 Topography 
SEM imaging of self-assembled structures that had been aged for 25 days revealed the 
presence of underlying scratches on the gold substrate and the presence of some micron-
sized circular patches, which were most prominent on the OH-terrninated and C02H-
terminated structures (Figure 3.3). The density and intensity of these patches were seen 
to increase if a higher concentration of the parent alkanethiol solution was used for the 
deposition (el Figures 3.3 (d) and (f)). 
(a) 
• • 
• • • 
••• 
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Figure 3.3 SEM images of self-assembled structures deposited onto gold-coated glass 
substrates and aged for 25 days at room temperature: (a) Au only, (b) OR, (c) C02R, (d) 
CH3, (e) CF3, and (f) CH3 terminated surfaces; [thiol] = 1 mmol dm-
3
, except for (f) 
where [thiol] = 40 mmol dm-3; scale bar = 20 /lm. 
95 
Chapter 3: Self-assembled a1kanethiol structures on gold: a further insight into the origins of structural reammgoment phenomena 
These patches were seen in the SEM images of self-assembled structures that were 
freshly prepared from parent-alkanethiol concentrations> 80 mmol dm-3. Since these 
regions could not be detected by AFM force of adhesion measurements, and considering 
that AFM images of multilayered island clusters (diameter ca. 200 nm) have been 
presented in the literature (Woodward et al., 2000), the SEM features are assumed to 
correspond to multilayered structures (rather than to alkanethiol-free domains) that are 
thinner than the vertical resolution of the AFM « 1 nm), which in turn implies that the 
orientation of molecules in the multilayers is approximately horizontal relative to the 
surface of the underlying substrate (Figure 3.4). Since the SAMs had not been coated 
, 
with gold prior to SEM imaging, it is possible that the dark domains are artefacts related 
to the inability of electrons to penetrate multilayered regions of the sample. 
HS 
HS 
x 
X 
X X X X X X 
S S S S S S 
I I I I I I 
Au 
Figure 3.4 Schematic representation of the orientation of the alkyl chain in SAMs 
prepared from parent,..alkanethiol concentrations> 80 mmol dm-3; X = OH, C~H, CH3, 
andCF3. 
3.4.4 IR spectroscopy 
Reflection-absorption IR spectra of the CH3-terminated self-assembled structure, taken 
immediately after deposition and then at seven days intervals over twenty-one days, all 
exhibited the same features: the antisymmetric stretch of the terminal CH3 group (2958 
em-I); and, in accord with a literature report (Bittoun et al., 2009), the antisymmetric 
and symmetric stretching vibrations of the CH2 group (2920 cm-I and 2850 em-I, 
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respectively) (Figure 3.5). Since the intensities of all bands relative to the values at 2975 
cm-1 were found to increase proportionately with time and since the total amount of 
material on each surface was constant, it may be hypothesised that 1-undecanethiol 
molecules migrate progressively towards areas of high concentration of the material (the 
dark patches observed with SEM). These experiments provide further evidence that the 
deposition of 1-undecanethiol from ethanolic solutions at 40 mmol dm-3 results in the 
formation of multilayered structures that are susceptible to ageing. 
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Figure 3.5 Reflection-absorption IR spectra (3000 - 2800 cm-I ) of CH3-terminated self-
assembled structures (from ethanolic solutions at 40 mmol dm-3) aged (room 
temperature) for specified time periods ((a), (b), (c), (d): day 0, day 7, day 14, and day 
21); the baselines have been displaced for clarity. 
3.4.5 XPS 
The XPS spectra of all self-assembled structures exhibited the expected Au(4f), C(ls), 
O(ls) and S(2p) signals; the CF3-terminated self-assembled structure displayed the 
expected F(ls) signals. To facilitate interpretation, the Au(4f) signal was subtracted 
from all the spectra and the atomic percentages of the remaining elements was scaled to 
a cumulative total of 100 % (Table 3.2). For comparison, signal ratios were calculated 
relative to that of the common C-S functionality, Table 3.3. The CO~-terminated self-
assembled structure exhibited all of the signals that are characteristic for this group. 
Contrary to expectation, however, all self-assembled structures exhibited signals for 
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c=o and O=C. Since the ratios of the C=O and C-S signals did not show considerable 
variation over the fourteen-day period over which the reproducibility of the XPS spectra 
was monitored (samples stored in the XPS chamber; Table 3.3), it is probably that the 
C=O functionality had become incorporated into the structure during the structure-
deposition process (16 h). 
Independent of deposition time, all self-assembled structures exhibited the expected 
ratio C-S to total S of ca. l.0, Table 3.3. Indicative of the sulphur environments, the 
S(2p) signal ,appears as a doublet (CH3-terminated self-assembled structure) or as a 
triplet (all other self-assembled structures), with signals at 161.4 eV 'C', 162.2 eV 'B' 
and 163.5 eV 'A' (Table 3.2). The 16l.4 eVand 163.5 eV signals, which are typical of 
self-assembled structures, correspond to the binding energies of surface bound, -S-Au, 
and unbound, -S-H, sulphur (Bourg et al., 2000). Since lower binding energies imply 
stronger interaction or higher coordination between the sulphur atom and the substrate 
(Kummer et aI., 2008), the signal at 162.2 eV is assigned to unbound species in which 
the sulphur atom forms bonds that are intermediate in strength to those of -S-Au and -S-
H; possibly compounds containing the -S-C=O moiety. Species containing S=O (ca. 
168 eV) were not observed in any of the spectra suggesting that the oxidation of the 
thiol head group, which has been reported for samples stored for 6 months (Hom et aI., 
1996), is not significant over 14 days. 
The XPS spectrum of the CH3-terminated self-assembled structure yielded no evidence 
for unbound l-undecanethiol (no signal at 163.5 eV). For the same self-assembled 
structure, the ratio of C-C(C-H) to C-S is ca. 10, as expected. A strong signal at 162.2 
eV (unbound S-C) and a corresponding signal at 287.8 eV (C=O) at a ratio of ca. 1 : 1.7 
are consistent with a mixture of molecular species containing -S-C=O and -S-C(O)-S-
moieties; the intensities of the C=O : C=O signals are equivalent as expected (Tables 
3.2 and 3.3). 
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Table 3.2 XPS data: self-assembled structures on gold substrates. 
Atom% 
CH3 OH C(hH CF3 
Signal BE/eV Assignment Dal:0 D!l: 7 Dal: 14 D!l: 0 D!l: 7 D!l: 14 D!l:0 D!l:7 D!l: 14 D!l: 0 Dal: 7 D!l: 14 
C(ls) 284.8 C-C,C-H 68.7 67.6 67.7 63.0 65.4 64.7 62.6 66.7 70.9 5.8 8.8 14.1 
C(ls) 285.3 C-S 6.4 7.6 7.0 7.0 7.1 7.6 5.8 6.3 5.9 4.1 3.8 4.4 
C(ls) 285.7 C-CF2 10.0 12.3 13.8 
C(ls) 286.4 C-OH 7.3 4.1 3.9 
C(ls) 287.8 C=O 7.9 7.0 7.9 4.6 6.4 5.8 6.6 5.2 4.6 5.6 5.2 7.5 
C(ls) 289.4 C02H 5.0 1.9 2.0 
C(ls) 290.8 C-CF2-CF2 4.2 5.2 9.1 
C(ls) 291.5 CF2-(CF2)6-CF3 13.7 10.7 4.7 
C(ls) 293.7 CF2-CF2-CF3 3.4 1.5 3.0 
O(ls) 531.9 C=O 10.3 10.5 10.7 3.7 5.9 6.0 10.0 10.3 7.7 4.7 7.8 5.7 
O(ls) 532.1 C-OH 7.5 4.1 4.2 
O(ls) 533.2 C02H 5.0 4.2 3.0 
F(ls) 687.1 8 F-C 9.5 10.2 7.5 
F(ls) 688.1b F-C 34.9 30.5 26.1 
S(2p) 161.4 S-C ('C') 2.6 2.5 2.8 1.8 2.8 3.0 1.2 1.4 1.8 1.6 1.5 1.7 
S(2p) 162.2 S-C ('B') 4.3 4.9 3.9 2.7 1.6 2.1 2.7 2.4 2.7 1.9 1.8 1.7 
S{2:el 163.5 S-C rA'l 2.4 2.7 2.8 1.8 1.4 1.4 0.6 0.5 0.7 
Total 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 100.0 
8687.1 (day 0), 686.9 (day 7),685.7 (day 14); 
b688.1 (day 0),687.9 (day 7), 686.8 (day 14). 
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Table 3.3 XPS atomic percentages with respect to C-S. 
Atom% ratios 
CH3 OH C02H CF3 
Atom Assignment Day 0 Day 7 Day 14 Th. Day 0 Day 7 Day 14 Th. Day 0 Day 7 Day 14 Th. Day 0 Day 7 Day 14 Th. 
C(ls) C-C,C-H 10.7 8.9 9.7 10.0 9.0 9.2 8.5 9.0 10.8 10.6 12.0 9.0 l.4 2.3 3.2 l.0 
C(ls) C-S l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 l.0 
C(ls) CF2 6.9 7.4 6.3 7.0 
C(ls) C-OH 1.1 0.6 0.6 l.0 
C(ls) C=O l.2 0.9 l.1 0.7 0.9 0.8 l.1 0.8 0.8 1.4 1.4 l.7 
C(ls) C02H 0.9 0.3 0.3 l.0 
C(ls) CF3 0.8 0.4 0.7 l.0 
O(ls) c=o l.6 l.4 l.5 0.5 0.8 0.8 l.7 l.6 1.3 1.1 2.1 l.3 
O(1s) C-OH l.0 0.6 0.6 l.0 
O(ls) C02H 0.8 0.7 0.5 2.0 
F(ls) F-C 10.8 10.7 7.6 17.0 
S(2p)S-C ('C') 0.4 0.3 0.4 0.3 0.4 0.4 0.2 0.2 0.3 0.4 0.4 0.4 
S(2p) S-C ('B') 0.7 0.6 0.6 0.4 0.2 0.3 0.5 0.4 0.5 0.5 0.5 0.4 
S(2p) s-c ('A') 0.3 0.4 0.4 0.3 0.2 0.2 0.1 0.1 0.2 
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In addition to the characteristic S-C triplet that indicates that approximately 20 - 45 % 
of the atomic sulphur is bound to the Au surface, the OH-terminated self-assembled 
structure exhibited the expected C-C(C-H) to C-S ratio of ca. 9 : 1. The C-O : C-S 
ratio, and the corresponding O-C : C-S ratio, were found to decrease from almost unity 
to ca. 0.6 : 1 within seven days but maintain this ratio after 14 days (Table 3.3). Since 
over the same period there had been no evidence for the emergence of new 0(1 s) 
signals or of other peaks, the observed changes in the C-O : C-S ratios are considered 
consistent with molecular reorganisation (rather than chemical reaction), such that the 
terminal OH,group becomes directed away from the air - structure interface. 
The C02H-terminated self-assembled structure exhibited the triplet characterising 
bound (ca. 20 %) and unbound sulphur functionalities but since the ratio of total sulphur 
to C-S remained constant over 14 days it may be assumed that the self-assembled 
structure does not degrade over this timescale. However, the C02H : C-S ratio (1 : 1) 
and corresponding C02H : C-S ratio (2 : 1) decreased significantly over fourteen days, 
indicative of structural reorganisation that involves a significant suppression of the XPS 
signal associated with the terminal-COzH group of the ll-mercaptoundecanoic acid 
precursor. Consistent with structural reorganisation, freshly prepared samples of this 
self-assembled structure did not exhibit the expected C=O : C=O ratio of the carboxyl 
functionality (1 : 2) but signals of the appropriate ratio had emerged by day seven. 
The CF3-terminated self-assembled structure exhibited the expected XPS features 
associated with the perfluorinated chain, the CF3 terminal group, the two CF2 moieties 
and the adjacent C-S functionality. For days 0, 7 and 14, the respective CF3 : C-S ratios 
were found to be O.~, 0.4 and 0.7 (cf calculated value of 1.0)~ corresponding CF2 : C-S 
ratios were 6.9, 7.4 and 6.3 (cf calculated value of 7.0; Table 3.3). These values suggest 
some degree of burial of the CF3 headgroup and exposure of the CF2 chain at the air 
interface at day 7, but not at day 14. This molecular rearrangement is supported by CAG 
results (Figure 3.1), which reveal an oscillation in the value of SA with a maximum 
recorded at about day 4 of week 1. For the same self-assembled structure, the C-C(C-H) 
: C-S ratio increased linearly from 1.4 to 3.2 (theoretical 1.0) over the study period. This 
may be explained in terms of an increase in adventitious carbon - the carbonaceous 
sub(monolayer) commonly observed in XPS studies (Zhang et al., 2002; Gonella et al., 
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2004) - or, alternatively, in terms of the increased prominence of the CH2 moieties 
adjacent to the thiol group. Both explanations are consistent with the observed, 
appreciable, reduction in the intensity of the F(ls) signal at day 14. 
Consistently with data from CAG and AFM, the XPS results support the hypothesis that 
the self-assembled structures under investigation progressively reorganise to structures 
that are less chemically differentiated at the air - surface interface, and also that their 
molecular structures are not consistent with those of the parent alkanethiols in that they 
possess carbonyl functionalities, which appear to form in the ethanolic solution of the 
precursor thiol during self-assembled structure deposition. 
3.4.6 Origin of the carbonyl functionality 
To investigate the origin of the unexpected C=O functionality, an experiment was 
designed which models the conditions for the deposition of the CH3-terminated self-
assembled structure: a solution of l-undecanethiol in ethanol-<4 (CD3CD20D; 1 mmol 
dm-3) was allowed to stand in the laboratory environment for 16 h, after which time the 
resulting solution was examined by 13C_NMR spectroscopy, GC-MS and HPLC-MS. In 
addition to the expected eleven carbon environments of l-undecanethiol, the NMR 
spectrum exhibited new carbonyl resonances at ca. 126 ppm (attributed to dissolved 
C~ (Omi et ai., 2005» and at 127.9 ppm, 128.7 ppm and at 129.4 ppm. The emergence 
of these three signals is consistent with the formation of S-undecyl hydrogen 
thiocarbonate (R-S-C~H) and the related species (R-S)2C=O, (R-S)JC-OH, in a 
nucleophilic attack (Figure 3.6) that is analogous to carbamate formation from the 
reaction of C~ with amines in alcoholic media (Gaines, 1982; George and Weiss, 
2001; Ras et ai., 2005). A control experiment involving the sparging of a solution of 1-
undecanethiol in CHCb with C02 (30 min) did not show any evidence for the formation 
of new chemical entities (the 13C_NMR spectra did not exhibit the feature at around 128 
ppm), indicating that the nucleophilic attack is facilitated by the amphoteric ethanolic 
medium. Further control experiments in which C~ was excluded from the ethanolic or 
chloroform solutions of the l-undecanethiol also did not show the band at ca. 128 ppm. 
The GC-MS chromatograms of ethanolic solutions, sparged with CO2 or left in air for 
16 h, identified the l-undecanethiol (retention time 29.41 min: rn/z 188, molecular ion) 
and were consistent with the presence of l-undecylmethyl sulphide (retention time 
32.07 min: rn/z 202, molecular ion) and (CH3-(CH2)1O-S-h-C=O and/or (CH3-(CH2)1O-
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S-)3-C-OH (retention time 42.02 min: mlz 402, [(CH3-(CH2)1O-S-)2-C=Ot; rnlz 187, 
[CH3-(CH2)w-St; rnlz 57 to mlz 113, aliphatic-chain degradation pattern). No direct 
evidence for the presence of CH3-(CH2)1O-S-C02H could be identified; the capability of 
this molecule to form strong hydrogen bonds or its lack of stability may render it 
unsuitable for GC-MS analysis. 
HPLC-MS chromatograms of ethanolic solutions, sparged with CO2 or left in air for 16 
h, were complex and poorly resolved. Mass spectroscopic analysis was of limited 
usefulness ill that, for components other than I-undecanethiol, the range of observed 
mlz values extended beyond the detection limit of the available instrument. Pronounced 
HPLC bands gave mass spectra that shared common and very prominent features at mlz 
237 and mlz 378, which are consistent with the loss of ClOH2l (378-237 = 141; as 
expected from the one-bond cleavage at the C-C bond adjacent to C-S moiety) from 
molecular structures that contain the mercaptoundecane functionality. 
Ethanol H+ 
CH3(CH2)1Q-S- + CO2 :::;;-==== 
Ethanol H+ 
Ethanol H+ 
+ 
CH3(CH2)1Q-S 
CH3(CH2)10-S- C -OH / 
CH3(CH2)10-S 
Figure 3.6 Ethanolic solution of I-undecanethiol: possible sequence of reactions 
mediated by dissolved, atmospheric, CO2. 
Since the C=O to S-C ('B') ratio (XPS data; Table 3.3) of the CH3-terminated self-
assembled structure is 2 : 1, it may be assumed that the S-C ('B') signal is that 
associated with the products of the interaction of I-undecanethiol with atmospheric C~ 
103 
Chapter 3: Self-assembled alkanethiolstructures on gold: a further insight into the origins of structural rearrangement phenomena 
(Figure 3.5). Consequently, the S-C ('B') to S-C ('C') ratio (2 : 1) must reflect the 
relative proportions of S-undecyl hydrogen thiocarbonate and derivatives to 1-
undecanethiol. That the XPS-determined ratio of carbonyl carbon to carbonyl oxygen 
was lower than 1 : 2 provides further support for the hypothesis that CH3-(CH2)1O-S-h-
C=O and/or (C!h-(CH2)1O-S-)3-C-OH are present in the C!h-terminated self-assembled 
structure. However, contributions from undecyl disulphide, following the oxidation of 
1-undecanethiol, and/or complications arising from the generation of oxygen 
nucleophiles as a consequence of the thiol-alcohol reaction equilibrium cannot be ruled 
out. Since R-S-CO:zH, (R-ShC=O and (R-S)3C-OH and corre~ponding impurities in 
which ethanol may be implicated (e.g. CH3CH2-0-C~H, (CH3CH2-0)2C(OH)-S-R, 
(CH3CHrO)2C=O, R-S-C(O)-O-CH2CH3) do not possess the structural features that 
facilitate anchoring at the gold surface, it is assumed that these species are substantially 
responsible for the formation of multilayers in self-assembled structures deposited from 
concentrated ethanolic solutions of 1-undecanethiol. Furthermore, the presence of the 
same molecules explains the molecular migration phenomena witnessed with SEM 
(Figure 3.3) and IR spectroscopy (Figure 3.5). 
3.5 Conclusions 
Data from CAG and AFM, the XPS results have shown that self-assembled structures of 
alkanethiols on gold substrates progressively reorganise to structures that are less 
chemically differentiated at the air - surface interface, and also that their molecular 
structures are not consistent with those of the parent alkanethiols in that they possess 
carbonyl functionalities. To investigate the origins of these phenomena, the ethanolic 
solution of a precursor alkanethiol has been examined by 13C-NMR, GC-MS and 
HPLC-MS. The stu,dy has revealed the susceptibility of the ethanolic alkanethiol to 
react with dissolved C~ and also has provided evidence for the generation of molecular 
species that do not possess the thiol surface-anchoring functionality. 
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CHAPTER FOUR 
THE DETERMINATION OF SURFACE ENERGY AT THE 
NANOSCALE: A COMPARATIVE STUDY OF DATA FROM 
ATOMIC FORCE MICROSCOPY AND CONTACT ANGLE 
GONIOMETRY 
4.1 Summary 
To assess whether atomic force microscopy can offer a means for the determination of 
surface energy at the nanometre scale, forces of adhesion have been measured for 
interactions involving self-assembled monolayers or polymer-film structures that were 
each deposited onto gold-coated glass substrates and onto the probing, gold-coated 
cantilever. The data have been fitted into mathematical models, which allow the 
calculation of surface energy by considering the work done for the separation of the 
identically coated contacting surfaces. These values of surface energy are in close 
agreement with those from corresponding contact-angle determinations, highlighting the 
potential usefulness of the technique for the study of surfaces at a resolution level 
approaching 1000 atoms. Comparative studies show that the employment of the atomic 
force microscopy technique may be preferable for the study of samples that are 
susceptible to penetration by liquids or for investigations under conditions that exceed 
the useful limits of conventional probing techniques involving liquids. 
4.2 Introduction 
Surface energy (1., ·11; work required to generate unit surface area of a solid or liquid) 
provides a measure of the mutual affinity of interacting surfaces (Merrill et aI., 1991; 
Hooton et a/., 2006; Pacifico et a/., 2006). Direct determinations of 11 have enabled 
values of 1. to be obtained from measurements of contact angle (0, the internal angle of 
a tangent drawn at the boundary of a liquid in contact with a solid surface; contact angle 
goniometIy, CAG) (Amirfazli and Neumann, 2004; Gajewski, 2005; Blake, 2006). The 
values of 0 for a plane surface reflect interfacial intermolecular attractive forces, with 
relatively weak attractions giving wide angles and strong attractions giving narrow 
angles or surface wetting (0 = 0 0). It is generally accepted that 1. is the sum of apolar 
(D) and polar (P) contributions, Equation 4.1: 
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(4.1) 
Good and van Oss treat the apolar contribution as arising from van der Waals forces 
(Lifshitz-van der Waals, fW) and the polar contribution fB as the geometric mean of 
Lewis acid and base components y+ and y-, Equation 4.2 (Zisman, 1964; Good and Van 
Oss, 1991; Long et al., 2005): 
(4.2) 
The contact angle is determined by the balance of forces acting at a liquid boundary on 
a solid surface, Equation 4.3 (Owens-Wendt (Owens and Wendt, 1969» or 4.4: 
Yl(l + cos 0) = 2[(yfyf)o.s + (yfyf)o.S] (4.3) 
(4.4) 
Since for a wide range of liquids 'PI and its components may be determined from 
measurements of surface and liquid interfacial tension (Zisman, 1964), the solid surface 
energy components may be obtained from measurements of the contact angles of two or 
three liquids (commonly water, 1,2-ethanediol and diiodomethane), and hence,;. from 
Equation 4.1 (Owens and Wendt, 1969) or Equation 4.2 (Zisman, 1964; Long et al., 
2005). Most liquid-solid interactions exhibit hysteresis according to whether the liquid 
is advancing over the surface or receding from it. This is due to surface roughness 
and/or heterogeneity and is most readily investigated by dynamic contact angle analysis 
(Wilhelmy plate) (Andrade et aI., 1985). Better surface resolution of ca. 2.5 mm., 
however, is obtained by the liquid drop method in which volumes of 1 - 5 JJ1 are used 
(Zisman, 1964; Long et al., 2005). 
Force-of-adhesion measurements with the atomic force microscope (AFM) evaluate the 
affinity of the tip surface of the probe cantilever for the substrate. The tip-surface force 
of adhesion (Fad) is obtained from measurements of "force F against separation x" as 
the sample (S) in the medium (M) is brought towards the tip (n and then withdrawn 
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(Johnson et al., 1971; Burnham and Kulik, 1999). Fad may be related to the work of 
adhesion (Wad) by using either the Johnson-Kendall-Roberts (JKR) theory, which takes 
account only of attractive forces that act within the tip-substrate contact area (Johnson et 
al., 1971; Burnham and Kulik, 1999), or the Derjaguin-Muller-Toporov (DMT) theory, 
which allows in addition for the influence oflong-range surface forces operating outside 
this area (Derjaguin et al., 1975; Burnham and Kulik, 1999). The DMT model is 
generally more appropriate for a hard material of low surface energy interacting with a 
sharp tip (low radius, R), whereas JKR theory is preferred for softer materials with 
higher surface energy, and for larger values of R (Drelich et al., 2004). The derived 
relationships are similar, Equation 4.5 (Israelachvili, 1992; Drelich et aI., 2004): 
Fad = arRWad = arR(YsM + YTM - YST) (4.5) 
where c = 1.5 and 2 respectively for JKR and DMT models, and 1SM, 'frM and 1ST are the 
interfacial energies. If the tip and the sample consist of the same material then 1SM = 'frM 
and 1ST = 0 (lsraelachvili, 1992) and it follows that: 
lW Fad 
YSM = YTM ="2 ad = Zc;R (4.6) 
It has been found that Fad is lower when a liquid, with molecular functional groups 
similar to those on the material's surface, is interposed between tip and sample (Stone et 
aI., 1998; Benzarti et al., 2006). Further, the adhesive forces between tips and substrates 
that have both been modified with self-assembled monolayers (SAMs) terminated with 
CH3, OH, and C02H groups, measured in organic and aqueous solvents and under inert 
dry atmospheres (Warszynski et al., 2003; Noel et al., 2004b), correspond with the 
predictions of the JKR theory and correlate with surface energy values (Ulman, 1996; 
Noy et al., 1997; Chaki et al., 2001). 
Many determinations using CAG have shown that the surface energy of a polymeric 
material depends upon the molecular structure of the surface layer; for example, CH3 
groups possess lower surface energy than CH2 groups and covalently bound fluorine 
atoms considerably reduce the surface energy (Zisman, 1964; Chaucihury, 1996; 
Tsibouklis and Nevell, 2003; Awada et al., 2005; Singh and Whitten, 2008). Amongst 
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other attempts to establish the relationship between F tuI and r (Eaton et aI., 2002), 
Awada et al. have reported the use of AFM to determine the surface energies of CH3-
and OH- terminated SAMs on gold-coated tips and silicon wafers but the respective 
values for»; of 8.5 ± 1 mJ m-2 and 39 ± 3 mJ m-2 were found to be appreciably smaller 
than those determined using CAG (CH3: 22 ± 2 mJ m-2; OH: 73 ± 2 mJ m-2) (Awada et 
al., 2005). In the case of OH, hydrogen bonding (short range, directional) between two 
solid surfaces in contact is likely to be less than between a liquid and a solid. 
This work pursues the use of AFM as a high-resolution technique for the determination 
of surface energy, and compares data from this method with those from CAG. Surface 
energies have been evaluated from F tuI data for SAMs formed from alkanethiols HS-
(CH2)n-X (X = OH, COzH and CH3) and HS-(CH2)2(CF2),CF3 that had each been 
deposited onto gold-coated silicon AFM tips and gold-coated glass substrates (Clear and 
Nealey, 1999), and for plasma-deposited polymer coatings of 2-hydroxyethyl 
methacrylate (HEMA), 2-(dimethylamine)ethyl methacrylate (DMAEMA) and 
IH,IH,2H,2H-perfluorodecyl acrylate (PFAC8), Figure 4.1, also on gold-coated 
substrates and AFM tips. 
(a) (b) 
(c) 
Figure 4.1 (a) 2-Hydroxyethyl methacrylate (HEMA), (b) 2-(dimethylamine)ethyl 
methacrylate (DMAEMA), and (c) IH,IH,2H,2H-perfluorodecyl acrylate (PFAC8). 
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4.3 Materials and methods 
4.3.1 Surface preparation 
Gold-coated glass microscope slides (Au. 1 OOO.ALSI, Platypus Technologies, Madison, 
Wisconsin, USA, cut to 1.25 cm x 1.25 cm) and gold-coated AFM tips (silicon nitride 
V-shaped cantilevers and tips; NPG-20 'A' and 'C'; nominal length '"om = 115 J..lm CA' 
and 'C'); width measured perpendicular to long axis W"om = 25 J..lm 'A', 17 J..lm 'C'; 
resonant frequency ~om = 57 kHz CA' and 'C'); spring constant k"om = 0.58 N m-1 'A', 
0.32 N m-1' 'C'; gold thickness = 60 nm on an adhesion layer of chromium 15 nm; 
Veeco Instruments SAS, Dourdan, France) were cleaned by immersion in Gold Surface 
Cleaning Solution (Sigma-Aldrich, Poole, UK; 1 h, 5 min, respectively) followed by 
rinsing (filtered water, Millipore, 16.5 MQ cm) and drying (nitrogen). AFM "F vs. x' 
measurements and CAG have shown that this cleaning procedure allows the repeated re-
use of gold-coated glass substrates and AFM tips (see Chapter 2). 
4.3.2 Formation of self-assembled monolayers 
For the deposition of SAMs, l-undecanethiol (CH3(CH2) lOSH, 98 %), II-mercapto-l-
undecanol (HS(CH2)llOH, 97 %), II-mercaptoundecanoic acid (HS(CH2) lOC02H, 95 
%) (Sigma-Aldrich, Poole, UK; respectively referred to as 'CH3', 'OH', and 'C~H') 
and . 3,3,4,4,5,5,6,6,7,7,8,8,9,9,10,10, 1 O-heptadecafluoro-l-decanethiol 
(CF3(CF2n(CH2)2SH, ~ 99.0 %; Fluka, USA; 'CF3') were separately dissolved in 
ethanol (25 cm3; 1 mmol dm-3). Gold-coated AFM probes NPG-20 'c' and gold-coated 
glass substrates were immersed for 16 h in the required parent-thiol solution. Prior to 
AFM experiments, freshly prepared SAMs were rinsed (ethanol) and dried (nitrogen). 
An uncoated gold surface was used as control. 
4.3.3 Polymer deposition 
For polymer coating, HEMA (~ 99 %; Sigma Aldrich, Poole, UK), DMAEMA (98 %; 
Sigma Aldrich) and PFAC8 (97%; Flurochem, Derbyshire, UK) were used as received 
Cleaned, gold-coated AFM tips (NPG-20 'A') and gold-coated glass substrates were 
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placed in a custom-built (dstl , Porton Down) inductively coupled glass cylindrical glow 
discharge reactor (diameter 10 cm, volume 4.3 x 10-3 m3; housed in a thermostatted 
Perspex cabinet; samples in glass dish located centrally) (Figure 4.2). The reactor was 
connected (grease-free components) to an air-inlet stopcock, a thermocouple pressure 
gauge, a solid C02 - acetone cold trap and a two-stage rotary vacuum pump (Edwards). 
RF coils Air / monomer inlet 
Pressure gauge 
Vacuum pump Liquid nitrogen 
cold trap 
Figure 4.2 Plasma deposition setup. 
Vacuum 
chamber 
L-C matching 
network RF generator. 
oscilloscope and 
pulse generator 
Prior to each coati'ng procedure, the plasma reactor was cleaned with an air plasma 
(base pressure < 1 x 10-2 mbar; 30 min; 50 Wat 13.56 MHz, an L-C matching unit was 
used to minimise the standing wave ratio of the transmitted power between the radio 
frequency (RF) generator and the electrical discharge). Air was admitted to atmospheric 
pressure to allow the insertion of samples then the reactor was re-evacuated. Each 
monomer (ca . 20 mg), contained in a tube connected via a greaseless stopcock to the air 
inlet, was subjected to several freeze-thaw cycles before vapour at a pressure of 0.1 
mbar was allowed to pass through the reactor (at room temperature for BEMA and 
DMAEA, at 34 °C for PF AC8). After purging the reactor (> 2 min) the plasma was 
ignited. To promote adhesion between the polymer and the substrate, the discharge was 
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operated in continuous wave mode for 30 s followed by pulsed mode for a further 5 
min. The timing for pulsed-plasma polymer deposition commenced when a stable pulse 
envelope was displayed on the oscilloscope. The peak power of 40 W for pulses of 
duration 40 J.1s at intervals of 20 ms corresponded with an average power input of 0.08 
W. Following plasma film deposition (0.03 - 7.5 J.1g depending on area), the monomer 
vapour was allowed to purge through the reactor for a further 2 min before evacuation 
followed by admission of air and removal of the samples. 
4.3.4 Contact-angle goniometry 
For CAG, filtered water 'FW'; all in mJ m-2: 'PI = 72.8, 'Plw = 21.8, 'P/ = 25.5 and 'PI- = 
25.5), 1,2-ethanediol ('EG', > 99 0/0, Sigma-Aldrich, Poole, UK; all in mJ m-2: 'PI = 48, 
'Plw = 29, 'P/ = 1.92 and 'PI- = 47) and diiodomethane ('DIM', > 99 %, Sigma-Aldrich, 
Poole, UK; all in mJ m-2: 'PI= 50.8, .,lw = 50.8, .,/ = 0 and 'PI- = 0) were used. Advancing 
(OA) and receding (OR) contact angles of small drops (1 - 5 J.1l) at 20°C (thermostated 
cell) were measured using a Kross GIO goniometer (Kross GmbH, Germany). Values of 
OA were recorded at approximately 15 s after drop-surface contact, while OR was 
obtained by allowing the liquid drop to evaporate, or by withdrawing liquid from the 
drop, until its surface contact diameter began to decrease. Some dynamic contact angle 
measurements were also made using the Wilhelmy plate method (Burnham and Kulik, 
1999). A glass slide coated on both sides was suspended from the microbalance (Cahn 
model DCA322) while a beaker containing the probe liquid was moved vertically (154 
~ S-I) over the substrate by a motorised stage. 
4.3.5 Atomic force microscopy 
AFM experiments Were performed at ambient temperature, in air or under dry nitrogen, 
using a MultiModelNanoScope IV Scanning Probe Microscope (Digital Instruments, 
Santa Barbara, CA, USA; Veeco software Version 6.l1rl). The "F vs. x" curves were 
obtained using 'C' and 'A' V -shaped cantilevers (Table 4.1) with constant laser 
alignment (deflection sensitivity = 58 ± 9 nm V-I and 66 ± 9 nm VI for thiol-
functionalised and polymer-coated tips, respectively). After coating, the tip t:adius (R) 
for each AFM tip was determined by scanning, in contact mode (scan size 4 J.1m, scan 
rate 1.03 Hz), an etched silicon surface that possessed features that were sharper than R 
(TGTOl, Figure 1.10; MikroMasch, San Jose, CA, USA). The radius of curvature was 
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determined by drawing a line-profile across a tip artefact and exporting the height 
versus width data into a Visual Basic program (University of Portsmouth; Appendix, 
Figure A.2) that allowed the manual fitting of a circle to the tip shape. Individual values 
of k (Equation 4.7) were obtained from measurements by scanning electron microscopy 
(JSM-6060LV, mOL Ltd, Japan; 10 and 25 keV, 35 JUIl spot-size, working distance 12 
- 14 mm) of the thickness t, length 1 and width W of the cantilever (Young's modulus E 
= 175 GPa), Table 4.1 (Hutter and Bechhoefer, 1993; Jing et aI., 2007). 
(4.7) 
Table 4.1 Measured values of tip radius R, cantilever thickness t, length I, width w and 
calculated values of k for each cantilever used (Young's modulus E = 175 GPa). 
Tip Rlnm l/JUD wlJUD t I JUD v 1kHz klNm-i 
SO ±1 ±0.1 ± O.l ±0.02 ±0.5 ±0.02 
Au 87 116.0 19.9 0.63 42.8 0.24 
C~H 64 119.5 20.6 0.52 58.8 0.22 
OH 88 117.4 17.8 0.68 43.2 0.26 
CH3 64 113.3 17.2 0.69 55.4 0.29 
CF3 72 120.l 17.2 0.68 49.4 0.23 
H 108 106.9 24.9 0.58 45.7 0.34 
01 91 106.9 24.9 0.60 44.6 0.38 
02 73 102.9 25.3 0.58 46.2 0.39 
PI 107 104.8 23.9 0.58 44.9 0.35 
P2 97 105.8 25.9 0.57 43.2 0.35 
P3 109 104.8 23.9 0.59 43.9 0.37 
Measurements of F tuI between tips and SAM-functionalised substrates or polymers were 
obtained in air (temperature, T = 22°C; relative humidity, RH = 36 %); the effect of 
humidity on adhesion was investigated over the RH range 30 - 60 %. For each surface, 
"F vs. x" curves (10 x 10 force measurements; lateral separation 100 ± 5 nm; vertical 
displacement 800 nm; scan rate, 1.03 Hz) were obtained from each of ten areas (1000 
nm x 1000 nm, separated by 1000 nm) on each surface (Figure 2.1). Measurements 
were repeated three times using SAM surfaces that had been formed sequentially on the 
same gold-coated glass substrate. An in-house Visual Basic program (Appendix, Figure 
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A.3) was used to evaluate the Fad corresponding to each force curves (Figure 2.2). 
These data, in combination with the determined values for k and R, allowed the 
evaluation of Wad and 'PTM using Equations 4.5 and 4.6. The roughness (Ra) of each 
substrate was determined by using a digital levelling algorithm (Veeco Image Analysis 
software V 7.10) to analyse surface scanning data (contact mode, NPG-20 'C' 
cantilever; 2 areas on 2 reformed surfaces, scan size = 5 f..I.m, scan rate = 1 Hz). 
4.3.6 X-ray photoelectron spectroscopy 
X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Axis ULTRA 
'DLD' instrument employing a monochromatic Al-Ka X-ray source (1486.6 eV) and 
operating at a power of 150 W with a pass energy of20 eV 
4.4 Results and discussion 
4.4.1 Self-assembled structures 
The chemically specific intermolecular forces operating in air between the AFM tip and 
the probed substrate are susceptible to interferences from capillary water columns that 
may form between the tip and the substrate and also from the effects of correspondingly 
localised static electrical charges (Cappella et a/., 1997; Sedin and Rowien, 2000; Chen 
et al., 2009). The latter are eliminated by the use of conducting, Au, substrates. The 
capillary condensation of water depends on RH and on the surfaces. From previous 
reports, it was not observed between a tip and wafer both of silicon at RH < 60 % 
(Feiler et al., 2005), but did occur at RH > 40 % (Hu et al., 1995) or 30 % (Noel et aI., 
2006) when hydrophilic surfaces were involved. For two of the systems employed here, 
Fad was measured at RH 0.1 % and at RH 36 %, Table 4.2. Since there is no significant 
difference between results at the two humidities, the capillary effects of condensed 
water will have been negligible. For measurements of Fad between similar tips and 
surfaces, Table 4.3, it is notable that the variability at individual surface locations (n = 
100, SD < 0.95 nN, CV = 0.1 - 6 %) was much less than that between the ten locations 
on each sample (SD = 1.8 - 3.3 nN, CV = 6 - 15 %). Further, the values for Fad and Wad 
correlated with the expected capability of each SAM/tip combination to participate in 
van der Waals' interactions and to share electron pairs: OH> C02H > CH3 > CF3. 
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Table 4.2 Effect of relative humidity of Fad (10 areas, lOx 10 force measurements for 
each). 
Force of adhesion Fad I nN 
System 
In air (RH = 36 %, T= 22°C) IndryN2(RH=0.1 %, T=24°C) 
Range Range Overall Range Range Overall 
of Fad ofSD Fad±SD of Fad ofSD Fad±SD 
AUswfacc - Alltip 49-59 0.03 -l.01 54±3 46-57 0.09-l.12 52±5 
OHsurracc - Alltip 42-49 0.08- 0.74 46±4 39-52 0.22 - l.72 45±7 
In all cases, Ra values for SAMs were similar to or slightly less than those for the 
underlying gold substrates. Thus the deposition of C02H and CF3 SAMs had a slight 
surface-smoothing effect. Surface roughness, which is associated with variations in the 
area of interaction between the tip and the substrate, may account for a significant 
proportion of the variability in the determined values for Fad and Wad. The influence of 
experimental protocol may be appreciated by comparing the Wad values for the 
interacting OH - OH and CH3 - CH3 surfaces (Table 4.3) with previously published 
data: Wad(DMT, Au-coated Si wafer surfaces, Au coated tips): 109.2 -176.7 and 43.7 
-73.0 mJ m-2, respectively, RH= 15 % (Tormoen et aI., 2004), and 78 ± 5 and 17 ± 3 
mJ m-2 (Awada et al., 2005), respectively. Given the radii of the tips used (Table 4.1), 
the surface resolution of ca. 100 nm was the best that could be achieved. 
Table 4.3. Determined values of Fad, Wad and R" of SAMs on Au surfaces (T = 22 °C, 
RH= 36 %; 10 areas, 10 x 10 force measurements for each), and corresponding surface 
energies, rrM, from JKR and from DM!' calculations. 
Fad Ra Wad(JKR) Wad(DMT) YrM(JKR) YrM(DMT) 
System 
InN Inm ImJm-2 ImJm-2 ImJm-2 ImJm-2 
Au - Au 54±3 3.4±0.2 131 ±8 98±6 65 ±2 49±2 
OH - OH 30±2 3.6±0.3 99±6 74±5 49±3 37±2 
C02H - C~H 36±3 2.4 ± 0.3 87±6 65 ±5 44±4 33 ±2 
CH3 - CH~ 19±2 3.5 ± 0.2 63 ±8 47±6 32±3 24±3 
CF3 - CF3 1O± I 2.2±0.2 30±4 22±3 15±2 11 ±2 
Contact angles on gold, measured using three probe liquids (FW, EG, DIM), showed 
contrasting behaviour, Table 4.4. 
118 
Chapter 4: The determination of swfaoe energy at the nan08oale: a comparative study of data from atomic force micl"08copy and contact angle goniometry 
Table 4.4 Advancing and receding contact angles (eA, 8R) and the hysteresis (8Hp) of the probe liquids (FW, EG and DIM) on Au SAM surfaces 
(n = 8; 20°C). 
Mean contact angles, () / 0 
Surface FW EG DIM 
8A 8R 8Hya 8A 8R fkya 8A fk. 8Hya 
Au 8l.5 ± 2.0 29.1 ± 0.9 52.9 53.3 ± 0.1 53.1 ± 0.1 0.2 42.0 ± l.0 36.0±0.8 6.0 
C02H 46.3 ±2.5 39.4 ± 2.8 6.9 37.2 ± 2.1 32.5 ±2.2 4.7 4l.8 ± 2.8 37.8 ±3.1 4.0 
OH 47.0±2.6 40.0 ± 2.4 7.0 44.3±2.0 39.2 ±3.0 5.1 4l.8 ± 2.7 35.3 ± l.5 6.4 
CH3 109.0± 1.9 102.6 ± l.3 6.4 73.4 ± 2.8 65.8 ±2.8 7.6 68.3 ±2.8 61.8 ± 2.8 6.5 
CF3 112.5 ± 1.9 108.8 ± l.8 4.3 94.7± 2.4 87.6 ± 2.5- 7.1 90.5 ±2.5 83.8±2.0 6.7 
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The contact angle for FW decreased from 81.5 ± 2 0 to a limiting value of29.1 ± 0.9 0 , 
while the drop evaporated (2.11 ± 0.05 J ..Ll to 0.25 ± 0.02 J.tl over 148 min; Figure 4.3). 
The upper and lower values for the water contact angles on Au have been previously 
reported (30 ± 1 0; 71 0, 75.9 0) (Sahoo and Patnaik, 2004; Tormoen et al., 2004; 
Pacifico et al., 2006); this range of values may be due to the time difference between a 
drop being placed on the surface and the commencement of contact angle measurement. 
The higher value is therefore assigned to SA and the lower value to ~. For DIM, contact 
angle hysteresis (SA - ~) was much smaller (42 ± 1 0 to a limiting value of 36 ± 0.8 0 
, 
after 148 min), with drop volume decreasing from 1.04 ± 0.01 ~ to 0.72 ± 0.01 ~. By 
contrast, EG apparently showed no contact angle hysteresis (53.3 ± 0.1 0 to 53.1 ± 0.1 0 
after 360 min), but the drop volume remained constant at 1.18 ± 0.01 ~. By 
withdrawing a small proportion of the drop of EG ~ value of 44 ± 2 0 was obtained 
(this was not practicable for small drops ofFW or DIM). 
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Figure 4.3 Time-dependant variation of water Son a gold surface. 
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The mean values for eA, ~ and hysteresis (Da,.,.) (Table 4.4) showed standard deviations 
less than 3 o. Hysteresis is normally explained in terms of the sum of the relative 
contributions of the effects of surface roughness, chemical contamination and 
heterogeneity. The ~ values were investigated by allowing the droplets to fully retract 
before measurement and also by using two different volumes of the probing liquid 
(equivalent to 2 ~ and 5 ~, 1 ~ and 3 ~ of FW and DIM, respectively). In both 
experiments the hysteresis was found to be small (0 - 8 0) with a 0.8 0 difference 
between the different volumes, probably reflecting the low Ra « 4 nm) and good 
homogeneity of the SAMs. For the CF3 surface, hysteresis angles of 4.3 0 and 5.1 0 were 
observed for the 2 ~L and 5 ~ drop volumes, respectively. Similar previous results 
(hysteresis 5 0 for perfluorinated alkanethiols deposited on gold) were attributed to 
stable chemisorbed films (Tamada et al., 1998). To within the error associated with 
standard deviations in contact angles of ca. 3 0, the surface energies of the SAMs have 
been evaluated using mean contact angles (Table 4.5). For the thiol-functionalised 
substrates, the surface energy and related components obtained from CAG decreased in 
the order OH > CO~ > CH3 > CF3 (Table 4.5), following the trend shown by values of 
Fad (Table 4.3). Except for OH, ~ values from CAG are in agreement (within error 
limits) with those reported in the literature (Miura et al., 1998; Tamada et aJ., 1998; 
Noel et al., 2004a; Tormoen et al., 2004; Jing and Rowntree, 2007). 
Table 4.5 Surface energies (~) as calculated from the mean values of advancing and 
receding contact angles on SAMs (n = 8; 20 °C); individual data for gold are also 
presented. 
ra / mJ m -2 (literature) 
ra/ mJ m-2 (Miura et al., 1998; Noel 
et al., 2004a; Tormoen 
et al., 2004) 
Au (low) 6.2 0.6 40.1 40± 1 
Au (high) 2.2 77.1 42.2 64± I 
OH 6.5 46.5 40.3 44±3 52.9 
C02H 6.6 44.0 39.7 41 ±3 39.3 
CH3 0.6 5.0 25.6 26±2 21 ± 1; 27.2 
CF3 0.1 0.8 13.9 15 ±2 15.0±0.4 
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Since each AFM tip-substrate pair had been coated with the same SAM, 'frM (= 18M) 
has been calculated from Wad (Equation 4.6, Table 4.3). For Au (high energy 
component) and for SAMs terminated with -C~H, -OH or -CF3, the 'frM values (JKR) 
are in agreement (within the SD range) with surface energies (X) obtained from CAG 
(Table 4.5; Figure 4.4). The CH3-terminated SAM exhibits a somewhat anomalous 
behaviour in that it is the application of the DMT method that yields YrM values that are 
in good agreement with X; values of'frM (JKR) are at the extreme limits of experimental 
error. Thest( findings indicate the validity of the described AFM technique as a means of 
determining surface energy, and identify the JKR approach as that which yields surface 
energy data that correspond with those quoted conventionally from contact-angle work. 
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Figure 4.4 Surface energies determined by CAG (mean 0 values) vs. those from AFM 
(JKR or DMT methods; n = 3): (_) CAG vs. JKR (R2 = 0.9815), (0) CAG vs. DMT 
(R2 = 0.9805). 
4.4.2 Polymer surfaces 
To assess the applicability of the AFM technique to the determination of the surface 
energy of materials other than SAMs, Fad values have been obtained for interactions 
involving polymer-coated tips and substrates. XPS experiments showed that the 
composition of the polymeric coating was identical to that expected on the basis of 
precursor-monomer composition, and that the deposited polymers did not exhibit any 
significant chain-orientation effects (Figure 4.1, Table 4.6). The coating process 
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increased the radius of the tip by ca. 20 nm (Table 4.1) and the average roughness of 
polymer-coated substrates (Ra < 3 nm, Table 4.7) was very similar to that of the SAMs. 
Standard deviations on measurements of Fad were slightly lower for polymer surfaces 
than for SAMs, perhaps because the slightly enlarged tip reduced the influence of 
surface undulations; there was no indication of variation with surface location. The 
similarity between the chemical functionalisation of the pendant groups in PF AC8 and 
that of the CF3 SAM has also provided a valuable comparator. For immediate 
measurements at ambient humidity, 1rM for PCFC8, calculated using DMT (16 mJ m-2), 
correspond~d closely with that for the CF3 SAM (I5 mJ m-2) but n for PCFC8 from 
CAG (advancing angles) was significantly lower (8 mJ m-2). Very low surface energies 
for fluorinated polymers have been observed previously (Tsibouklis et al., 1999; 
Tsibouklis et al., 2000) and are associated with unusually large contact angles for both 
water and diiodomethane. The appreciable hysteresis observed for PCFC8 indicated a 
heterogeneous surface containing domains with a much higher surface energy. If the 
individual surface domains were much smaller than the diameter of the AFM tip, then 
measurements of Fad would give intermediate values of 1rM as observed. 
Table 4.6 C(Is) Binding energies and atomic percentage of elements at the surface of 
polymer-film structures, as determined by XPS. 
Polymer Assignment Binding energy / eV Experimental % Theoretical % 
HEMA CHx 285.0 31.5 ± 0.5 33.3 
C-C=O 285.7 15.8 ± 3.2 16.7 
C-OH 286.8 36.4±3.1 33.3 
C-O(O) 289.2 16.2±0.2 16.7 
DMAEMA ·CHx 285.0 25.9±0.5 25.0 
C-C=O/C-N 285.7 42.8 ± 1.5 50.0 
C-O 286.8 17.5 ± 1.0 12.5 
C-O(O) 289.0 13.9 ± 0.1 12.5 
PFAC8 CHx 284.6 7.3 ± 1.7 7.7 
C-C=O 285.7 14.4 ± 1.6 15.4 
CH2-O 286.6 8.2 ± 1.6 7.7 
OC=O 288.2 7.3 ± 0.3 7.7 
CF2 290.6 52.6±0.6 53.4 
CF3 292.7 8.5 ±0.7 7.7 
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In a study of the effects of humidity and the age of the polymer film, F tul was monitored 
over a twelve-week period for samples that had been stored at controlled RH (Table 
4.7). For HEMA-IJEMA or DMAEMA-DMAEMA interactions, at early stages (0 - 1 
week) values of F tul (and hence also W tul and rrM) were not greatly affected by humidity 
(RH ~ 60 %), Table 4.7. After 12 weeks at ambient humidity (RH30 %), however, both 
interactions increased by > 100 %, probably reflecting the absorption of water by the 
hydrophilic materials. 
Table 4.7 Values of F tul, W tul and R" of polymers as determined by AFM; T = 23°C, 
RH = 30 - 60 % (10 areas, 10 x lO force measurements for each), and corresponding 
surface energies, 'frM, from JKR and from DMT calculations. 
Time Wad Wad '1TM '1rM Tip % Fad Ra 
System I week (JKR) (OMT) (JKR)I (OMT) 
no. RH InN Inm 
ImJm-2 ImJm-2 mJm-2 no. ImJm-2 
HEMA 1 60 0 13 ±3 26±6 20±4 13±3 1O±2 
1 36 1 16± 1 0.93 32±3 24±2 16 ± 1 12 ± 1 
HEMA 1 30 12 42± 1 96±2 72±2 48 ± 1 36± 1 
2 56 0 14± 1 40±2 30±2 20± 1 15 ± 1 
OMAEMA 
2 42 0 18±2 52±5 39±4 26±3 20±2 
2.12 
1 35 1 40±2 94±4 70±3 47±2 35±2 
OMAEMA 
2 30 12 36±2 106±4 79±4 53±3 40±2 
2 57 0 28±4 61 ±9 46±7 30±4 23±3 
PFAC8 2 40 0 19±3 42±7 32±5 21 ±3 16±3 
2 35 1 22±3 2.27 44±5 33±4 22±3 17±2 
PFAC8 1 35 1 22± 1 43±3 32±2 21 ± 1 16 ± 1 
2 30 12 24± 1 53±2 40±2 27± 1 20± 1 
It is notable that the surface energies determined by CAG (receding angles; Table 4.8) 
are close to values of'frM (JKR) for the samples exposed to water vapour: sorption of 
water may have been more rapid during CAG measurements (saturated vapour and 
absorption from liquid drops). The observations also indicate that the JKR calculation is 
more reliable for AFM tips with all three coatings. For PF AC8, despite its relative 
incompatibility with water, rrM was increased considerably by exposure to high 
humidity, and was also increased by prolonged exposure to ambient humidity. 
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Table 4.8 Surface energies (~) as calculated from advancing and from receding average 
contact angles on polymers films (n = 8; 20 °C). 
Surface 
HEMA 
DMAEMA 
PFAC8* 
1'. (CAG, Advancing) / mJ m-2 
42±2 
43±3 
8±2 
1'. (CAG, Receding) / mJ m-2 
43 ± 1 
47±3 
30±3 
'Values obtained using the Owens-Wendt two-liquid method (Owens and Wendt, 1969). 
4.5 Conclusions 
An AFM method for acquiring surface energy data with a lateral resolution of 100 nm is 
described. The method was tested using SAMs with terminal functionalities of OH, 
COzH, CH3 and CF3, and values of rrM determined under ambient conditions have been 
found to be consistent with those of y. obtained from CAG, but the much greater surface 
resolution of AFM enables fluctuations in surface energy to be observed. With films of 
substituted poly(methacrylate)s the complementarities of the techniques have been 
shown: for surfaces that are heterogeneous, AFM gives average total surface energies at 
each point probed while CAG yields surface-averaged energies of high and low energy 
domains in heterogeneous surfaces and resolves the contributions of individual surface-
energy components. The AFM method has a major advantage in that it is not limited by 
the possible absorption of liquids used as probes in CAG: AFM measurements are 
sensitive to the uptake of vapour by test materials. The universal applicability of the 
AFM technique will be further investigated in chapter 5. 
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CHAPTER FIVE 
NANOSCALEDETERMINATION OF SURFACE ENERGY OF 
SILANES AND DIP-COATED POLYMERS 
5.1 Summary 
The feasibility of the AFM-based approach for the determination of surface energy at 
the nanometre scale has been demonstrated (Chapter 4) by considering a series of 
simple self-assembled alkanethiol structures. This chapter explores the wider 
applicability of the approach by considering force of adhesion data from a range of 
other structures, namely: self-assembled organosilanes ((3-aminopropyl)triethoxysilane, 
(3-glycidoxypropyl)trimethoxysilane, 3-(triethoxysilyl)propylsuccinic anhydride and 
trimethoxy(propyl)silane), and an ultra-low-surf ace-energy polymer, 
(poly(1H,1H,2H,2H-perfluorodecyl methacrylate». Values of surface energy obtained 
using the AFM-based approach are in close agreement with those determined 
conventionally from contact angle measurements, confirming the wider applicability of 
the AFM technique. The higher resolution afforded by the AFM method allows the 
determination of surface energy at the ca. 1000 atom scale, and permits the study of 
materials that are not compatible with the probing liquids that need to be employed for 
goniometric determinations. 
5.2 Introduction 
Surface energy (y, n-) is a measure of the mutual affinity of interacting surfaces (Merrill 
et al., 1991; Hooton et al., 2006; Pacifico et al., 2006) and is of key importance in areas 
that are as diverse as bioadhesion, adsorption and catalysis (Adamson and Gast, 1997; 
Graupe et aI., 1999; Morris e.t al., 1999; Pereni et al., 2006). This parameter is 
determined from contact angle measurements (8, the internal angle of a tangent drawn 
at the boundary between a liquid in contact with a solid surface; contact angle 
goniometry, CAG) (Neumann and Good, 1979; Good and Van Oss, 1991; Amirfazli and 
Neumann, 2004; Blake, 2006). 
Chapter 4 details an atomic force microscopy (AFM) method of determining r at the 
nanoscale. The technique has been used to probe, in air, well defined alkanethiol self-
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assembled structures that had been attached to cleaned, gold-coated AFM tips and 
substrates (Chapter 2). For all alkanethiol self-assembled structures considered, values 
of interfacial energy (rrM) are in close agreement with those from CAG measurements. 
This chapter examines the wider applicability of the AFM technique for obtaining yby 
considering using a range of organosilanes structures (Silberzan et aI., 1991 ~ Ulman, 
1991) that are known to form multilayers (Toworfe et al., 2006), and a dip-coated, ultra-
low-surf ace-energy polymer structure. 
5.3 Materials and methods 
5.3.1 Preparation of glass substrates and AFM cantilevers 
Glass microscope slides (Agar Scientific, Essex, UK~ 1 mm thick) were cut into 1.25 cm 
x 1.25 cm coupons and cleaned using Piranha Solution (3:1 concentrated sulphuric acid, 
33 % (v/v) : 30 % hydrogen peroxide~ Fisher Scientific, Loughborough, UK) for 30 min 
(Duwez et al., 2001). AFM cantilevers (silicon nitride, NP-20 'C' V-shaped cantilevers~ 
Veeco Instruments SAS, Dourdan, France) and clean substrates were rinsed (water, 
Millipore, 16.5 M!l cm) and dried (nitrogen) (Piranha Solution was found to damage 
AFM cantilevers~ see Chapter 2). 
5.3.2 Silanisation of glass substrates and AFM cantilevers 
(3-Aminopropyl)triethoxysilane (APlES, 99 %, NHrterminated~ Acros Organics, Geel, 
Belgium), (3-glycidoxypropyl)trimethoxysilane (GPTMS, 97 %, epoxy-terminated~ 
Alfa Aesar, Heysham, UK), 3-(triethoxysilyl)propylsuccinic anhydride (TESPSA, 95 %, 
COzH-terminated; Wacker-Chemie GmbH, Burghausen, Germany) and 
trimethoxy(propyl)silane (TPS, 98+ %, CH3-terminated; Alfa Aesar, Heysham, UK) 
organosilanes (Figure 5.1) were grafted onto AFM cantilevers and cleaned glass 
surfaces by immersion into a solution of the silane (APTES, 5 % (v/v)~ TESPSA, 10 % 
(v/v); TPS, 20 % (v/v)~ GPTMS, 20 % (v/v)) in toluene (99 %~ Fisher Scientific, 
Loughborough, UK) (Toworfe et aI., 2006). Various periods of immersion were 
investigated (1 - 32 h). To enhance silane organisation and remove physisorbed 
multi I ayers (Lee et aI., 2005~ Toworfe et al., 2006), silanised glass surfaces were 
sonicated, serially, in toluene, N,N-dimethylformamide (DMF, 99 %~ Sigma, Steinheirn, 
Germany) and ultrapure water (20 min each). The surface energy values of all 
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organosilanes investigated on glass (16 h immersion~ CAG) without sonication were 
found to be 54 ± 3 mJ m-2 (43 ± 2 mJ m-2 for clean glass), highlighting the importance 
of sonication. Silanised surfaces were dried (nitrogen) and used immediately. 
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Figure 5.1 (a) (3-Aminopropyl)triethoxysilane (APTES), (b) (3-g1ycidoxypropyl) 
trimethoxysilane (GPTMS), (c) 3-(triethoxysilyl)propylsuccinic anhydride (TESPSA) 
and hydrolysis product, and (d) trimethoxy(propyl)silane (TPS). 
5.3.3 Polymer-coated surfaces and AFM cantilevers 
Gold-coated glass microscope slides (Au. 1 OOO.ALSI, Platypus Technologies, Madison, 
Wisconsin, USA, cut to 1.25 cm x 1.25 cm) and gold-coated AFM cantilevers (NPG-20 
'c' V-shaped cantilevers; Veeco Instruments SAS, Dourdan, France) were cleaned by 
immersion in Gold Surface Cleaning Solution (thiourea 1 % (w/v) in 10 % aqueous 
sulphuric acid; Sigma-Aldrich, Poole, UK; 1 hand 5 min, respectively), rinsed (water, 
Millipore, 16.5 M.O cm) and dried (nitrogen). Immediately after cleaning, gold-coated 
substrates and cantilevers, and glass substrates and silicon nitride cantilevers were 
immersed in poly(IH,IH,2H,2H-perfluorodecyl methacrylate) (PFDMA~ 5 % in 1,1,2-
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trichlorotrifluoroethane, 99.8 %, Aldrich, Dorset, UK (Tsibouklis et 01., 2000)) for 1 
mIn. 
5.3.4 Contact angle and surface energies 
To probe liquid-surface interactions at maximal resolution, contact angles (8 at 20°C) 
of small drops (x 4 on each substrate) of diiodomethane ('DIM', > 99 %, surface 
tension 11 = 48.7 mN m-I at 18.8 °C, lit. (Kaye and Laby, 1992) = SO.76 mN m- l at 20 
°C; ca.l !JL) and 1,2-ethanediol (ethylene glycol, 'EG', > 99 %; 11 = 47.7 mN m- l at 
18.8 °C, lit. (Kaye and Laby, 1992) = 48.40 mN m- l at 20°C; ca. 1 !JL), Sigma-Aldrich, 
Poole, UK, and water ('FW', filtered, 11 = 73.4 mN m- l at 18.8 °C, lit. (Kaye and Laby, 
1992) = 73.0S mN m- l at 18.0 °C; ca. 2 !JL; pH = S.6) placed on horizontal substrates 
(x 2) were measured using a goniometer with an enclosed thermostated cell (Kruss GIO, 
Hamburg, Germany). Advancing (OA) and receding (OR) angles (± 0.1 0; with syringe 
needle removed to enable curve fitting of drop-shape image) were obtained for both 
'left' and 'right' contact angles at 20 - 30 s after placement of the drop (Adamson and 
Gast, 1997). Surface energies of substrates (r.) were calculated from the contact angles 
and the interfacial energies (n) of the three probe liquids from Equations S.1, S.2 
(Zisman, 1964; Long et 01., 200S) using a Visual Basic program (University of 
Portsmouth; Appendix, Figure A.l). 
= LW + rAE = rLW + 2("+ r- \0.5 r5 r5 5 5 '15 5 J (S.la) 
LW AE LW 2(-'+ - )0.5 
rl = rl + rl = rl + '11 rl (S.lb) 
( ) f, LW LW )0.5 L )0.5 L )0.5 ] rl l+cosB =21.\15 rl +'1:rI- +'1:rt (S.2) 
where superscripts denote components of surface energy: Lifshitz-van der Waals LW, 
acid-base AB, Lewis acid y and Lewis base y. (In mJ m-2, FW: 
DIM: LW 508 + '1 , = ., '1, = '1; = O;EG: 
'Y{W =29, '1: =1.92, '1; = 47)(Janczuk etal., 1999). 
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Water contact angles of silanised surfaces were also measured at pH 2.5 (0.1 mol drn-3 
potassium hydrogen phthalate (100 mL) in 0.1 mol drn-3 HCI (77.6 mL», pH 7.5 (0.1 
mol drn-3 KH2P04 (100 mL) in 0.1 mol drn-3 NaOH (82.2 mL», and pH 12.5 (0.2 mol 
drn-3 KCI (50 mL) in 0.2 mol drn-3 NaOH (40.8 mL», to investigate the effects of pH on 
8. 
5.3.5 Atomic force microscopy 
A MultiModelNanoScope IV Scanning Probe Microscope (Digital Instruments, Santa 
Barbara, CA, USA; Veeco software Version 6.11rl) was used for AFM measurements 
in air (temperature 22 ± 1°C; relative humidity 40 ± 2 % and 55 ± 1 % for the silanes 
and polymers, respectively). Force vs. distance plots were obtained using silicon nitride 
probes (NP-20 'C' V-shaped cantilevers; nominal length (IIUI"') = 115 Ilrn, width (wltO"" 
measured perpendicular to long axis) = 17 Ilrn, resonant frequency (v"o",) = 56 kHz, 
spring constant (k"o",) = 0.32 N m-I; Veeco Instruments SAS, Dourdan, France) and the 
J-scanner (maximum xyz-translation = 200 x 200 x 16 Ilm3). The laser alignment was 
unaltered during measurements (deflection sensitivity = 65 ± 15 nm Vi) and arrays of 
10 x 10 force-curves (lateral separation, 100 ± 5 nm; ramp size, 800 nm; scan rate, 1.03 
Hz) were produced from ten different areas (1000 nm x 1000 nm, separated by 1000 
nm) on each surface (Figure 2.1). Measurements were repeated twice using silane 
surfaces that had been formed sequentially onto glass substrates and Fad values were 
extracted from force curve data using a Visual Basic program (University of 
Portsmouth; Appendix, Figure A.3). An accurate value of k (Table 5.1) was obtained 
from measurements by scanning electron microscopy (JSM-6060LV, JEOL Ltd, Japan; 
10 and 25 keV, 35 J.lffi spotsize, working distance 12 - 14 mm) of the thickness t, length 
I and width w of the cantilever (Young's modulus E = 175 GPa; Equation 5.3) (Albrecht 
et al., 1990; Hutter and Bechhoefer, 1993). 
(5.3) 
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Fad is related to the work of adhesion (Wad) using either the Johnson-Kendall-Roberts 
(JKR) theory (Johnson et aI., 1971) or Derjaguin-Muller-Toporov (DMT) theory 
(Derjaguin etaZ., 1975), Equation 5.4: 
- -!;w - Fad 
YSM - YTM - 2 ad - 2rnR (5.4) 
where c = 1.5 and 2 respectively for JKR and DMT models, and '}'SM and rm are 
interfacial e~ergies. 
The tip radius (R) for each AFM tip was determined by scanning, in contact mode (scan 
size 4 , .. un, scan rate 1.03·Hz), an etched silicon surface that possessed features that were 
sharper than R (TGT01, Figure 1.10; MikroMasch, San Jose, CA, USA). The radius of 
curvature was determined by drawing a line-profile across a tip artefact and exporting 
the height versus width data into a Visual Basic program (University of Portsmouth; 
Appendix, Figure A.2) that allowed the manual fitting of a circle to the tip shape. 
The surface roughness (Ra) of each substrate was determined by using a digital levelling 
algorithm (Veeco Image Analysis software V 7.10) to analyse surface scanning data 
(contact mode, NP-20 'C' cantilever; 2 areas on 2 reformed surfaces, scan size = 5 J..lm, 
scan rate = 1 Hz). 
Table 5.1 Measured values of tip radius R, cantilever thickness t, length l, width w and 
calculated values of k for each cantilever used (Young's modulus E = 175 GPa). 
Tip Rlnm l/Jlll1 wi Jlll1 t I Jlll1 v 1kHz klNm-i 
SO ±1 ±0.1 ±0.1 ±0.02 ±0.5 ±0.02 
Silicon nitride 89 97.5 17.1 0.58 55.0 0.31 
TESPSA 75 110.2 18.2 0.58 60.0 0.26 
GPTMS 78 112.9 18.9 0.59 52.4 0.25 
APTES 77 111.9 17.2 0.58 48.4 0.23 
TPS 90 115.7 18.9 0.58 49.0 0.23 
PFOMA(NP) 80 111.9 19.9 0.58 61.1 0.24 
PFOMA(NPG) 76 108.5 16.5 0.58 65.5 0.22 
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5.4 Results and discussion 
5.4.1 Organosilanes deposited onto glass 
To determine the optimum immersion time required for organosilane coverage, l's 
(CAG) was monitored for glass surfaces that had been exposed to silane solutions (5 -
20 % v/v in toluene) for various periods (1 - 32 h, Figure 5.2). Surface energy values 
corresponded with those expected on the basis of the chemical nature of the terminal 
groups: C02H > epoxy> NH2 > CH3 (GPTMS > TESPSA > APTES > TPS; Figure 
5.2); and, water contact angles (Table 5.2) agreed broadly with literature values for 
silanes on Si wafers (TESPSA, 27.2 ± 5.1 0 (Lee et aI., 2005); GPTMS, 44.3 ± l.6 0 
(Lee et al., 2005) and 52 0 (Tsukruk et al., 1999); APTES, 4l.6 ± 2.8 0 (Lee et al., 
2005) and 60 0 (Heiney et aI., 2000); TPS, 82.4 0 (Onoe et aI., 2003». Since for all 
silane structures l's values had been found to be reproducible for samples that had been 
immersed in the parent solution for 16 h, the immersion time for all silanisation 
reactions was set at 16 h. 
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Figure 5.2 Surface energies (X) as calculated from advancing (OA) and receding (OR) 
average contact angles on organosilanes grown on glass following different immersion 
times (n = 2; T= 22 °C): (0) TESPSA, (e) GPTMS, (D) APTES, and (_) TPS. 
Since silanes on glass are more stable than corresponding alkanethiol SAMs on gold, it 
has been proposed that they are more suitable for uses as biomedical materials (Kurella 
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and Dahotre, 2005). To assess the effects of pH variation on the surface energy of 
implantable silane structures, OA and hysteresis (OHYB) values of silane-functionalised 
glass substrates have been measured at three biologically relevant pHs, namely: pH 2.5, 
7.5 and 12.5 (Table 5.2). 
The OA of the glass surface (control) was seen to decrease with increasing pH; the low 
OHYB values are consistent with a surface that is flat and homogeneous, as expected 
Glass is similar to amorphous silica, in that it has an estimated silanol group coverage of 
4.5 SiOH groups nm-2 (Zhuravlev, 1993). These groups become either positively or 
negatively charged, depending on pH (point of zero charge = pH 2 - 3 (parks, 1965; 
Carre et al., 1992); pKa (SiOH groups) = 5 - 7 (Hair and HertI, 1970; Van Wagenen et 
al., 1976)), explaining the effect of pH on OA. 
For the TESPSA surface, OA increased with increasing pH (from 33 ± 3 0 to 46 ± 1 0 for 
pH 2.5 and pH 7.5) but at pH 12.5 OA dropped to below the measurable limit of our 
instrument (8 < 15 0), as expected and in accord with the based catalysed hydrolysis of 
the ester anhydride functionality and the possible deprotonation of the resulting 
dicarboxylic acid structure. This behaviour is consistent with observations on the 
variation of pH on a carboxylic acid-terminated polyethylene surface (Holmes-Farley et 
aI., 1985). GPTMS exhibited only a small pH-dependent reduction in OA, which is 
consistent with the expected Lewis base behaviour of the epoxide ring structure; the 
increase in OHYB with increasing pH must however reflect some protonation-induced 
surface modification. Consistent with the acid-induced quatemisation of the amino 
functionality, APTES exhibited similar OA values (36 ± 4 0 and 37 ± 4 0 ) at pH 2.5 and 
7.5, but OA decreased to < 15 0 at pH 12.5; APTES is positively charged up to pH 10.2, 
the pKa value of the conjugate acid (Bezanilla et aI., 1995), but above this pH value the 
amphoteric amine functionality becomes a proton donor allowing the surface to acquire 
a negativ~ charge which in turn accounts for the low OA value. Large OHYB values 
associated with this surface are reflective of considerable heterogeneity: it is known that 
only 30 - 50 % of silanol groups are grafted during silanisation (Vansant et aI., 1995). 
As expected, the 0 A and OHYB values characterising the relatively inert TPS surface were 
little affected by pH. 
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Table 5.2 Water advancing (lJA) and receding (lJR) contact angles, and hysteresis (lJIlyr) values of silanated glass at different pH (2.5, 7.5 and 
12.5); n = 8 (4 droplets on each of duplicate substrates); 16 h. 
Water contact angles, (J I 0 
Surface pH 2.5 pH7.S pH l2.5 
(JA (JR (JHys (JA (JR (JHys (JA (JR (JHys 
Glass 47±4 45 ±5 2 38 ±5 33 ±2 5 29± 1 27± 1 2 
TESPSA 33±3 32±2 1 46± 1 40± 1 6 -* -* -* 
GPTMS 44± 1 42± 1 2 38 ±3 32±4 6 34±4 27±2 7 
APTES 36±4 29± 1 7 37±3 26±2 11 -* -* -* 
TPS 79±4 76±3 3 81 ±3 79±3 2 77±5 75±5 2 
*() < IS 0 (could not be measured with our instrument) 
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With the exception of TPS structures, the Fad values characterising the interaction 
between each of the silanised glass substrates and an uncoated silicon nitride tip were 
similar (ca. 90 nN vs. ca. 40 nN for TPS; Figure 5.3), with the implication that these 
values must reflect the combined effects of the polarity of the silanised layer and the 
extent of hydrogen bonded interactions between the interacting surfaces (Butt et aI., 
2005). The Fad values for the silanes are less differentiated than J's values obtained from 
CAG (Figure 5.2). 
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Figure 5.3 Force of adhesion (Fad) values for the interaction between a silicon nitride 
AFM tip and each organosilane (air; n = 2; 16 h). 
Using similarly silanised AFM tips and substrate surfaces, rrM values were obtained 
from Wad measurements (Equation 5.4, Table 5.3). TESPSA and GPTMS had relatively 
high values (JKR: 52 ± 3 mJ m-2 and 50 ± 3 mJ m-2, respectively), as expected due to 
their high polarity. The lower rrM for APTES (JKR: 41 ± 3 m] m-2) may be due to the 
presentation of methylene groups into the surface or due to interactions of the NH2 
groups with the glass I polar silane matrix (Van Ooij and Sabata, 1992; Kallury et aI., 
1994; Van Der Vegte and Hadziioannou, 1997; Heiney et al. , 2000). TPS exhibited a 
similar rrM value that was higher than that expected for a hydrophobic tail group, as 
assessed by comparing the determined value with that seen for corresponding 1-
undecanethlol SAM-tip interactions on gold (JKR: 32 ± 3 m] m-2; Chapter 4). This may 
be explained in terms of the inefficiency of the relatively short hydrophobic chains (C3) 
to mask the influence of the extensive polar silane matrix and/or in terms of the 
increased disorder in multilayered films. The Ys values obtained from OA and OR (CAG) 
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measurements are in close agreement with YrM (JKR) values from AFM experiments 
(Figure 5.4) but, with the exception of the more non-polar silane structure, YrM (DMf) 
values are significantly lower (Figure 5.4). 
Table 5.3 Determined values of Fad, Wad and Ra for organosilane-coated glass substrates 
and tips (T = 22 ± 1 °C, RH = 40 ± 2 %; 10 areas, 10 x 10 force measurements for 
each), and corresponding surface energies, YrM, from JKR and from DMf calculations. 
Fad 
System 
InN 
TESPSA - TESPSA 36±2 
GPTMS - GPTMS 
APTES - APTES 
TPS - TPS 
-... 
~ 
70 
60 
50 
20 
10 
o 
37±2 
30±2 
38 ±2 
TESPSA 
Ra Wad(JKR) 
Inm ImJm-2 
1.5 103 ± 7 
2.7 99±5 
0.8 81 ±6 
0.9 87 ±4 
GPTMS 
Surface 
Wad (DMT) YrM (JKR) YrM(DMT) 
ImJ m-2 ImJ m-2 ImJ m-2 
77±5 52 ±3 39±2 
75 ±3 50±3 37±2 
61 ±4 41 ±3 30±2 
66±3 43 ±3 33 ±2 
APTES TPS 
Figure 5.4 Surface energies determined by CAG (OA and OR) vs. AFM (JKR and DMf 
methods; n = 2; 16 h): r.. (CAG, advancing; dark grey bar); r.. (CAG, receding; white 
bar); YrM (AFM, JKR; light grey bar); YrM (AFM, DMf; black bar). 
5.4.2 Poly(lH,lH,2H,2H-perfluorodecyl methacl-ylate) 
The r.. of PFDMA was evaluated at 12.7 ± 0.7 mJ m-2 (JKR) or at 9.5 ± 0.6 rnJ m-2 
(DMf) using both gold-coated AFM tips (NPG) and glass surfaces and at 7.9 ± 0.5 rnJ 
m-2 (JKR) or at 5.9 ± 0.4 rnJ m-2 (DMf) using silicon nitride tips (NP) and glass 
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surfaces. The 'frM (JKR) value determined with the NP-glass system is almost identical 
to the CAG-determined ~ value for the same polymer on glass (7.5 ± 0.4 mJ m-2) 
(Tsibouklis et al., 2000). Heterogeneous coverage of the polymer over the gold-coated 
substrate and/or the influence of interactions with the underlying gold may have some 
effect on the reported evaluations. 
5.5 Conclusions 
The capability of the atomic force microscope as a tool for the determination of surface 
energy has been demonstrated against a relatively diverse range of functionalised 
surfaces, but the universal applicability of the technique remains to be tested. 
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CHAPTER SIX 
CONCLUSIONS AND FURTHER WORK 
The work presented describes the development of an atomic force microscopy (AFM) 
method for the determination of surface energy (,,) at the nanometre scale. Surface 
energy is important for understanding fundamental surface processes such as 
adsorption, oxidation, corrosion, catalysis, wetability, and is critical for many 
biomaterials applications. Studies have been carried out with a series self-assembled 
monolayers (SAMs) and polymers on gold-coated and plain glass surfaces, and 
organosilanes on glass surfaces. AFM-derived force of adhesion (Fad) measurements, 
and corresponding surface energy values, have been compared with results obtained at 
the macro-scale using conventional contact angle goniometry (CAG), which measures 
the internal angle of a tangent drawn where a drop of liquid contacts a surface. 
Following a general introduction that aims to detail the rationale for the work (chapter 
1), chapter 2 presents a simple and effective method for the removal of alkanethiol 
SAMs from gold-coated surfaces and from AFM tips for their reuse. A commercially 
available inexpensive Gold Surface Cleaning Solution product has been evaluated and 
found to be as effective as the more conventional, but hazardous, Piranha Solution 
method or the hydrogen-oxygen flame method, which can damage delicate AFM 
cantilevers and thin gold films. AFM force-distance measurements have shown that 
gold surfaces treated with the Gold Surface Cleaning Solution are re-useable. In chapter 
2 are also detailed the optimal conditions for fabricating SAMs on gold-coated glass by 
deposition from ethanolic solutions of alkanethiols. Monolayer homogeneity has been 
found to be sensitive to alkanethiol concentration and to exposure time. There is 
considerable evidence to suggest that low concentrations of the alkanethiol precursor 
result in the formation of monolayer structures whereas high concentrations promote the 
formation of multiply layered parallel structures. 
The findings of investigations on the physicochemical stability of alkanethiol SAMs are 
presented in chapter 3. Even within a week from fabrication, terminal liJ-groups have 
been found to become orientated away from the air-SAM interface surfaces. 
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Spectroscopic evidence shows the emergence of unexpected carbonyl functionalities, 
which appear to have been formed in the ethanolic fabrication solutions by the 
interaction of alkanethiols with dissolved atmospheric CO2. 
In chapter 4 an AFM method for determining surface energies with resolution at the 
nanometre scale is described. The applicability of the technique is tested against well-
structured alkanethiol self-assembled structures with a range of terminal functionalities 
(OR, C02H. CH3 and CF3), and further against polymer films. Values of rsM determined 
by AFM (JKR method) under ambient conditions are consistent with those of rs 
obtained from CAG (receding contact angles). For substrates that exhibit large contact 
angle hysteresis and for those that are permeated by the probing liquids, the application 
of the AFM technique is proposed as a preferable alternative to the conventional CAG 
method for the determination of surface energy. 
The wider applicability of the AFM method for determining surface energies IS 
examined (chapter 5) by considering data from other self-assembled structures (epoxy, 
C~R, NH2, and CH3 terminated organosilanes), and also from an ultra-low-surf ace-
energy fluoropolymer. In all cases, force of adhesion data fitted into the JKR model 
yield surface energy values that are in close agreement with those obtained from 
receding-contact-angle CAG measurements. The main limitation of the technique 
appears to be the need for AFM-tip functionalisation with the material of interest, 
which, however, is easily achievable by immersion into a solution of the material of 
interest. 
A useful extension to this work would be the development of quantitative methodology 
that affords the capability to map the surface energy of a material. Such methodology 
will provide a previously unexplored means for mapping heterogeneous materials at the 
nanometre scale. 
Improvements in the resolution capabilities of the technique may also be possible. In 
this respect it may be worth exploring the use of sharp tips produced from electron 
beam deposition (EBM) in a field-emission scanning electron microscope (SEM) (R < 3 
nm) (Cockins et aI., 2007), by chemical vapour deposition (CVD) (Chen et aI., 2008), 
148 
Chapter 6: Conclusions and further work 
or by attaching nanotubes to AFM tips prior to coating with the surface of interest. The 
latter technique appears particularly promising since alkanethiols adsorb readily onto 
carbon nanotubes (Ganji and Afsari, 2009) and also since probe tips made from carbon 
nanotubes are characterised by high length-to-diameter aspect ratios, well-defmed 
chemistry and structure, bending flexibility and small radii of curvature (Fang et aI., 
2009; Su, 2009). 
Investigations on the determination of surface energy at extreme environmental 
conditions - outside the RH (0 - 60 %) and T (20 - 25°C) ranges employed in this 
project - are possible with the AFM method and may be of benefit to the modelling of 
the behaviour of materials for specialist applications. 
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APPENDIX 
Visual Basic programming: analysis of atomic force microscopy and 
contact angle goniometry results 
Visual Basic (VB) is an ideal programming language for developing sophisticated 
professional applications in Microsoft Windows environment in a rapid and simple 
manner (Davis, 2000; Kiong, 2006). Three programs, coded in VB V6 (Davis, 2000; 
Kiong, 2006) have been prepared for analysing the results from atomic force 
microscopy (AFM) and contact angle goniometry (CAG). 
The first program (Figure AI) was written to calculate the surface energy (,,) from the 
contact angle (8) values, and has been compared with " values obtained from CAG 
software (Drop shape analysis - DSA v.1.5I; can be only used in Windows 95 or 
Windows NT) and MatLab V7.5 (R2007b); the program was found to give identical 
results. 
The second program (Figure A2) was written to calculate the AFM tip radius (R) by 
superimposing a circle on a profile from an artefaCt AFM image of a TGTO 1 silicon grid 
(see section 1.4.1.4). 
The third program (Figure A3) was written to calculate the mean forces of adhesion 
(Fad), work of adhesion (Wad) and " values using the Johnson-Kendall-Roberts (JKR) 
and Derjaguin-Muller-Toporov (DMT) theories from AFM force curve data All the 
programs were validated and have been used to determine values recorded in this thesis. 
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Figure A2 Visual Basic program for the determination of AFM tip radius. 
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